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1. INTRODUCTION

1.1 Summary

Primary activities during the third year consisted of (i)
expanding the laboratory capabilities for processing and testing of
composites, (i1) conducting research in accordance with the Statement
of Work given in Section 1.3, (iii) preparing thirteen technical papers
and M.S. theses, and (iv) various interactions of the faculty with the
technical community through presentation of papers, participation as
members of technical committees, etc.

Sections 2 - 4 summarize the research activities. The professional
personnel associated with the project and the outside activities of the
faculty related to composites are given in Section 5. Papers completed
and/or published during the year are reproduced in Appendix A. A
brochure describing the student activities is in Appendix B.

We provide only a brief discussion of most activities, as they
are detailed in existing reports (Appendix A) or theses, or are in
early stages of development. However, the processing and testing
facility has been greatly expanded in 1980, but its increased
capability is not described elsewhere; thus a relatively detailed

description is given (Section 2.1).

1.2 Discussion

The general objective of the research program is to develop
improved understanding of fibrous composite material as a basis for
improving its structural performance. Integral to achievement of this

objective is the determination of constitutive equations and time (or

cycles) to fracture for complex loading patterns and hostile environments




such as high relative humidity. This in turn requires a better under-
standing of the viscoelastic deformation and mechanisms of damage
growth and fracture in composites including delamination, cumulative
damage via microcrack initiatioh and growth, and global fracture criteria.
The importance of micromechanisms of viscoelastic deformation and
fracture of resin matrix composites has only recently become widely
appreciated; for example, graphite/epoxy composites are quite sensitive
to processing and to service environments, especially moisture [1]?
Furthermore, because .. -ing is seldom taken to completion in the epoxies

used in graphite/epoxy composites [2], the degree of cure is a processing

variable. Physical aging (densification) of the epoxy matrix may occur
in service, giving significant changes in mechanical properties [3].
The post-cure cool-down path affects the magnitude of residual stresses
in a composite [4]. Moisture absorption can change the glass transition
temperature, giving a significant change in mechanical properties [1].
The rate of moisture absorption appears to depend on the degree of
curing and physical aging, and moisture content may itself affect the
rate of physical aging. The lack of consistency in experimental
results and micromechanistic modelling appearing in the composite
materials literature today is believed a consequence of the fact that
much of the earlier experimental research was conducted without fully
controlling all of the important variables which affect resin matrix
composites.

It is anticipated that the continuing research program at Texas
A&M University described herein will make a major contribution toward

more unified methods of characterizing behavior of composite materials by

*Numbers in brackets indicate References on p. 48.




identifying and accounting for the important variables. In view of the
large number of variables to be considered experimentally, it is essential
that the mechanical testing be guided by mechanistic modelling to keep
the total amount of experimental work at a manageable level. A consider-
able part of the effort at Texas A&M University is being so directed.
Additionally, some of the theoretical research is leading to analytical
methods of predicting deformation and fracture behavior of laminates for
use in design analysis of those structures that must withstand severe

environments over long periods of time.

1.3 Statement of Work

"a. Investigate the effects of cure cycle parameters on the
mechanical characteristics of resins, composites and composite
structural specimens:

(1) Study the curing process.

(2) Investigate the effects of cure cycle parameters on
physical aging.

(3) Investigate generation, relief and effects of residual
stresses in laminates.

b. Investigate deformation, damage growth and fracture behavior
for resins, composites and composite structural specimens:

(1) Develop and verify constitutive equations.

(2) Develop and verify ply damage and delamination models.

(3) Develop an automated structural material property
characterization system and data base."

PN




2. Processing and Testing of Resins and Composites

2.1 New Equipment and Software*

During the year 1980, several pieces of new equipment were acquired
for expansion of the experimental research laboratory to broaden the

capability in processing and testing of composite materials. The majority

of this equipment was purchased with funds from the Texas Engineering
Experiment Station; supplemental funds were provided by AFOSR. The follow-
ing equipment was purchased, delivered, and installed in the composite
materials experimental research laboratory (McNew Building) during the
year:

curing oven

vacuum oven

process controller

cold stage for differential scanning calorimeter
diamond tools

humidity monitor

digital thermometer

laboratory oscilloscope and modules

closed loop servohydraulic mechanical test system
MINC-11 laboratory data acquisition and control computer
HP-45 desktop computer

digital oscilloscope

ultrasonic C-scan system

charge amplifier

HP digital plotter

HP-85 desktop computers (2)

data acquisition and control units (2)
synthesizer/function generator

*Prepared by Dr. K. L. Jerina
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5

The laboratory oscilloscope and modules are for general purpose
laboratory use and the other equipment has been incorporated into specific
functional systems for processing and testing of composite materials.

The capacity for processing and machining of test samples has been
enchanced by the addition of a vacuum oven and convection oven. These
ovens are used to cure and post cure resins, adhesives and composites
fabricated from prepreg systems. An assortment of new diamond tools for
the Micromech cutting machine has increased the capacity and quality of
machining specimens with hard fibers such as glass and graphite.

The processing press has been used extensively in glass/epoxy and
graphite/epoxy specimen fabrication for student and faculty research
projects. During the reporting period, a microprocessor-based process
controller was installed on the press and control parameters optimized.
The process controller makes it possible to generate a wide variety of
temperature, vacuum and pressure profiles for cure cycles. New cure
cycles are easily programmed in an automatic fashion. Heating or cool-
ing rates of 3°F/min. are possible while controlling within an absolute
temperature reading of +3°F. The best accuracy and control for an
arbitrary temperature profile is obtained at a rate of 3°F/Min., although
the press is capable of higher heating and cooling rates. The control
scheme, Fig. 1, consists of a primary control loop on laminate temper-
ature and two secondary control loops on the upper and lower platen
temperatures. The actual laminate temperature is blended with the
command temperature profile in a cascade control scheme to command the

upper and lower platen heaters and cooling water valves. Optimization

of the controller was accomplished through an empirical process of ad-

W iy in ot i M SO M i
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justing the individual loop parameters for gain, rate and reset. The
controller is interlocked so that an orderly shut down occurs on an
error such as over temperature or thermocouple burn out. The press
controller has proven successful in increasing production of laminate
samples and in improving the accuracy and repeatability of cure cycles.
Additionally, the ability to study the effects of cure cycle variation
is greatly enchanced by the press controller,

The Perkin Elmer Differential Scanning Calorimeter II has an extended
temperature range made possible through the addition of a Tiquid nitrogen
cold stage. Also a MINC-11 labaratory data acquisition and control computer
has been interfaced to the DSC, Fig. 2. The temperature and specific heat
signals from the DSC are now acquired by the computer through a digital
input module and analog-to-digital converter. Under control of a real

time computer program the specific heat of a resin sample can be monitored

as a function of temperature. Once acquired by the computer, the data
can be easily manipulated to subtract baseline calibrations and then
permanently stored as part of a data base on floppy disk for later review
and analysis. The data can be plotted on a video-graphics terminal or
digital plotter. Automation of the DSC has increased the accuracy and
repeatability of experiments involving glass transition temperature studies
of resins used in composite materials.

New instrumentation has aided the project in development of the

piezoelectric "duomorph" complex modulus gage. A charge amplifier,

digital oscilloscope, function synthesizer and desktop computer have been
incorporated into the instrumentation, Fig. 3. The task of data acquisition
and reduction for a typical experiment has been reduced from several weeks

to less than a day through automation. The electrical excitation and
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response of the duomorph are monitored by the digital oscilloscope.
Under control of a real time program on the HP-85 desktop computer,
excitation frequency is automatically programmed on the function
synthesizer and sampled values of the gage excitation and response
are transferred to the computer for amplitude and phase angle analysis,
Fig. 4. Automation has reduced the data acquisition and analysis time
for the duomorph gage,making it possible to consider the duomorph as a
real-time cure process monitor if feasability studies are successful.

Management of a mechanical property data base and the analysis of
experimental data has been enchanced by an HP-45 desktop computer and
HP 9872B digital plotter, Fig. 5. The system is designed to allow analysis
of experimental data stored in a data base with a powerful computational
capability, video graphics, digital plotten, hard copy graphics, and
communications to ather laboratory instrument computers. This system
has been installed during the reporting period and software is currently
being developed to bring the system up to its full usefuiness and potential
as an interactive graphics system. Fig. 6 shows the graphics capability of
the system for a [+45°].,g graphite/epoxy creep experiment. The greatest
utility of this data analysis system will be to allow interactive access
and analysis of data base information with high quality graphics capability.

Data acquisition for the five channel temperature/humidity creep/recovery
system has been accomplished with an HP-85 desktop computer and an HP-3497A
data acquisition and control unit, Fig. 7. Also, a multi-point digital
thermometer and humidity gage monitor the environmental conditions in the
test chambers. Creep and recovery data are acquired by the data acquisition

unit under program control from the computer. The program samples two

S——— - y aihian. o e, PO Ty i




Figure 4 Data analysis of duomorph excitation and response
for amplitude and phase angle (theta)
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Figure 6 Creep of [+45]s agraphite/epoxy
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channels of strain data from each creep station at logarithmic time intervals.
The data are tabulated, Fig. 8, and stored as a file as part of the lab-
oratory data base. Implementation of this hardware configuration has allowed
more cost effective and efficient use of laboratory instrumentation.
Capability for non-destructive inspection of composites has been added
to the laboratory during the reporting period. A Testtech scanning bridge,
tank, and plotter, Panametrics transducers and tranducer conditioner, and
an HP delayed sweep oscilloscope give the laboratory an NDT capability
for composite laminates, Fig. 9. A selection of transducers in the range
of 2.5 to 25 MHz allow inspection of graphite/epoxy and glass/epoxy laminates.
Initial tests of the system show that it is possible to detect small density
changes, such as an extra roving, in cured laminates. The system is being
used for both instructional purposes in the composite materials curriculum
and inspection of research material.
Capability for static and fatigue testing of composites has been
added during the reporting period. An MTS Systems Corporation 20,000
pound capacity servohydraulic testing machine and a MINC-11 laboratory

instrument computer have been intergrated, Fig. 10. Data acquisition and

control programs have been developed so far for static tests and single

cycle (load and unload) tests. Structuring of a data base has been

initiated with test data from fracture tests on a short glass fiber/
polyester composite at different temperatures and strain rates. This initial
data base will be used as a guide for structuring and developing data base
concepts. Fortran software for general purpose data analysis, including

curve fitting and graphic plotting (both video and hard copy), has been

developed for the system. The program reads data files from the data base

(these files are written by real-time data acquisition and control programs),
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Figure 8 Tabulation of creep and recovery data for an epoxy resin.
Column 1 is time {sec), Column 2 longitudinal strain, and
Column 3 transverse strain.
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19
provides interactive curve fitting and data editing and provides graphics
output {video or hard copy) of actual data and curve fit parameters.

An algorithm and Fortran software were developed to fit creep
data to a power law for creep compliance, D(t) = D0 + D]tn, using a
minimum squared error criterion. Current effort involves development
of data acquisition and control software for fatigue experiments and
related exr'nsijon of the laboratory experimental data base and analysis

capability.

2.2 Delamination Fracture*

Recently completed work on delamination fracture of a glass/epoxy
composite (Scotchply) and a graphite/epoxy composite (AS/3502) is
described in the following paper (cf. Appendix A) and thesis {cf. Section 4
for Abstract), respectively:
(i) Devitt, D. F., Schapery, R. A., and Bradley, W. L., "A Method
for Determining the Mode I Delamination Fracture Toughness of

Elastic and Viscoelastic Composite Materials", Journal of
Composite Materials, Vol. 14, Oct. 1980, pp. 270-285.

(ii) Hulsey, R. C., "Delamination Fracture Toughness of a Uni-
directional Graphite/Epoxy Composite", M.S. Thesis, Texas
A&M University, Dec. 1980.
Delamination in the opening mode o7 fracture was investigated using
a split 1laminate loaded as a double cantilever beam, which is shown in
the inset in Fig. 11; the fibers are parallel to the beam axis. Here
we shall discuss primarily the graphite/epoxy study, as the investigation
on Scotchply is detailed in Appendix A (Ref. (i)).

Initial experiments on the graphite/epoxy composite were conducted

at ambient temperature and humidity, and consisted of measuring load, P,

versus displacement, 2a, for various crack lengths, a. The beam analysis,

*Prepared by Drs. W. L. Bradley and R. A. Schapery
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which includes geometric nonlinearity due to large rotations, was
verified using two of the measured quantities to predict the third,
which was also measured. Subsequent experiments were then run at
higher temperatures in a controlled atmosphere where measurement of
instantaneous crack lenath was not convenient; the analysis was used
with P - A data to predict crack length as a function of time. The
results of these experiments indicated a critical energy release rate
of approximately 1 in-lb/in2 except at the highest temperature and
humidity (200°F and 95%RH) (cf. Fig. 12) where a 20% increase in the critical
energy release rate was observed. This increased toughness at higher
temperature and relative humidity could be interpreted as resulting
from a softening of the matrix as the glass-transition temperature,

Tg, approached the test temperature, T; thus, with much more deformation
taking place in the vicinity of the crack tip, more energy would be
dissipated as the crack propagated. A significant variation in energy
release rate, G, with crack growth rate, &, was not observed. However,
a somewhat serrated load-time record as well as fractographic analysis
of the broken specimens in the scanning electron microscope suggested
strongly the possibility of discontinuous crack extension which might
obscure the true G versus & relationship.

Although more energy may be dissipated in the material surrounding
the crack tip with an increase in temperature and moisture level, as
noted above, the more severe environment may in some cases reduce the
total amount of external work required for the local resin fracture
process; e.g. crack propagation in a thermorheloqically simple elastomer
is facilitated by an increase in temperature [5]. Consequently, there

could be competing processes, and without a qgood understanding of all

.
n —_— _ o . J
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Figure 12. Energy release rate versus delamination crack speed for graphite/
epoxy (AS/3502) in various environments (saturated state).
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significant phenomena related to crack growth, one cannot predict
behavior with any real confidence. [n order to address this
question, a preliminary theoretical viscoelastic analysis of delamination
crack growth was made using the approximate method in [6], and the
results are shown in Fig. 13. (The model is that of a thin cracked
resin layer bonded between orthotropic beams.) The energy release rate G
is plotted against the resulting crack speed & using dimensionless ratios.
The intrinsic fracture energy required for material separation, T,
was assumed constant, and the resin was assumed to be thermorheolocally
simple; therefore, all temperature-dependence of the value of G required
to produce any given speed & is due to the effect of the familiar
time-temperature shift factor a; on the resin's creep compliance [5].

Recognizing that a major effect of moisture in epoxy (and many other

polymers) on mechanical response is analogous to that of temperature,

we have indicated in Fig. 13 the predicted effect of an increase in
both temperature and moisture.

The existence of a maximum in the G - & curve and the subsequent
negative siope shown in Fig. 13 for graphite/epoxy is due entirely to

the mechanical interaction of resin and fibers. In order to illustrate

the effect of fiber modulus, we predicted the G - & curve for glass/
| epoxy, in which the same resin and fracture properties were employed;
the G - & slope turned out to be nonnegative {cf. Fig. 13). However,

other reasonable choices for resin properties indicate that the slope

for glass/epoxy can be negative in some speed ranges.
The analysis was based on continuous crack growth. However,
when the G - & curve has a negative slope, one can show the actual

behavior is unstable. As the actual overall specimen geometry and
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loading condition {constant ~rosshead rate) employed in our tests is
such that average crack growth is stable (cf. Ref. (i)), one can
expect crack growth to occur in very small steps of high speed prop-
agation and arrest. Further, at any given speed, the energy release
rate is predicted theoretically to increase with an increase in
moisture and temperature whenever the intrinsic 6 - & curve has a
negative slope, as indicated in Fig. 13.

These preliminary theoretical findinags are fully consistent
with the experimental results for graphite/epoxy discussed previously.
Figure 11 compares graphite/epoxy and glass/ epoxy results; the data
shown for the former composite are from one test sample, but aretypical.
The noticeable decrease in G with crack speed for graphite/epoxy occurs
over a very small speed range compared to that in Fig. 13. This latter
difference may be due to the actual step-growth phenomenon, in which
each small step consists of very slow to very high speed propagation,
whereas the theory assumed continuous growth.

Finally, it should be added that epoxy resins (without reinforcement)
in some cases exhibit unstable, step-growth [7]. Such behavior may be
predicted from a viscoelastic fracture model in which the material in
the neighborhood of the crack tip is very soft compared to the surrounding
continuum. We should emphasize that the theoretical models discussed here
are only tentative representations of the actual material, and much more |
theoretical and experimental work is needed in order to achieve an :
acceptable level of understanding of time-dependent fracture in resins
and composites.

Further work to clarify the delamination fracture process in the

graphite/epoxy composite is currently underway; a large portion of
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this research activity is leading to Master's theses for some of the
current M.S. students. Included in this effort is a study of delamination
under axial compression, as a follow-up to work reported in the thesis
by C. D. Poniktera (cf. Section 4). Also, mixed mode fracture toughness
testing has been initiated; the split-beam geometry in Fig. 11 is used,
but the left end is held in place and different loads are applied to
the top and bottom beams. More extensive fractographical analysis of
specimens broken at TAMU and at General Dynamics is planned for this
year also. Furthermore, a special stage has been ordered for the
scanning electron microscope, which will allow composite specimens
to be broken in the microscope while under observation; this should

greatly assist the modelling efforts currently underway.

2.3 Effect of Physical Aging on Creep and Recovery of Resin*

The recent work on physical aging is discussed in the M.S. thesis
by D. H. Metz (cf. Section 4); it is a continuation of an investigation
started in 1979 [8]. The changes in mechanical properties of 3502
epoxy resin+, as measured by creep/recovery tests, were determined as
a function of time after quench from above the short-time glass transition
temperature. Quench rate and aging temperature were also varied. Aging
occured most rapidly for a high quench rate, a higher aging temperature
and short times after quenching. The physical aging was observed to
cause a 10 - 20% change in the compliance of the epoxy (with the material
getting stiffer with aging time) at the fastest cooling rate (100°F/min)

and the highest aging temperature (300°F). At cooling rates more typical

*Prepared by Dr. W. L. Bradley
+Provided by Hercules, Inc., Magna, Utah.
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of some commercial processing cycles 6°F/min) and at ambient aging temperature
such as one might also expect commercially, a neglibly small amount of
physical aging was observed. The epoxy material was thought to physically
age much less than thermoplastic materials and many other thermosetting
materials because the very high degree of chemical crosslinking constrains
the material on a molecular level such that less free volume expansion

is observed above Tg; thus, less excess free volume is trapped on Sub-
sequent cooling. Since physical aging is associated with time-dependent

free volume collapse, this effectively reduces the effect.

2.4 Molecular Structure - Property Studies of Resin*

The resin in glass and graphite fiber composites is the source of
most of the time-dependent and ambient sensitive properties and so
studies of the resin properties are very basic to an understanding of
composite properties. An important interface between the studies on
molecular structure and those on the mechanical properties of glassy i
resins is in the study of the glass transition temperature and related
effects. Here one hopes to be able to relate the phenomena simultaneously
to both the molecular structure and to the mechanical properties. We

have been studying these effects on 3502 epoxy resin with the differential

scanning calorimeter (DSC) in an effort to improve our understanding of
the effects of curing conditions, aging, moisture and molecular structure
upon the resin properties.

Most of our effort has been spent in an attempt to improve the
reproducibility and quality of the DSC runs since the intended studies

seem to push the instrument to the limit of its capabilities.

*Prepared by Dr. J. S. Ham
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It is often observed that the first trace on a DSC sample is
ragged and so cannot be used, while subsequent traces are of high quality.
For many purposes, the later scans are adequate, but to study aging
phenomena the first trace must be used. This raggedness seems to be due
to moisture evaporating from the sampie so we are now trying to keep
our samples extremely dry with some success.

One of the problems considered is how to measure the glass transition
temperature of the proprietary resins (e.g., 3502 and others used in ad-
vanced composites) which is above the decomposition temperature. One
concept is to lower Tg by dissolving moisture into the sample and then
measure the lowered Tg. Unfortunately, escaping moisture obscures the
trace, so that we cannot maintain the desired level of moisture while
measuring Tg. If the moisture level 1is uncertain, then the value of
Tg is uncertain so that the changes we seek are lost.

The experimental procedure that offers the most practical method to
determine Tg in these samples is to scan rapidly to a high temperature
and then immediately cool back down before much decomposition has taken
place. If one can do this with different scan rates, both up and down,
one should be able to correct for a small rate of thermal decomposition.
This approach requires some data analysis which accounts for the time
constant of the response of the equipment.

In principle, there are a variety of response time constants since
the heater, thermometer and cell are geometrically separated and each
has its own heat capacities and thermal conductivies to other parts and
the surroundings. Since all of the decay times are exponential, we are
concerned primarily with the longest one. We have measured the response

rate constants under various conditions in an effort to develop a method

to unfold the data so that much of the data is saved while the equipment
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is approaching a steady state. This work is continuing.

In related work, I spent the summer (1980) at the Materials
Laboratory, Air Force Wright Aeronautical Laboratories,investigating
problems associated with composites. The Materials Laboratory has
underway a program to develop acetylene terminated polymers for use as
high temperature adhesives and composite matrices. The thermal stabil-
ity of these materials is excellent and the chemistry is very flexible
so that many different polymers may be made. Unfortunately, there are
few guidelines as to which polymer will best satisfy the eventual end
uses. Since the cost is very high to develop the relevant chemistry,
there is a danger that a premature choice will be made, resuiting in a
material far from optimum. Therefore, they have developed a program to
collect a variety of data on each polymer or version of the polymer,
utilizing extremely simall amounts of material. One of the many items
measured is the fracture toughness. While this information cannot yet
be tied with precision to the properties of the adhesive or composite
matrix, it is clear that there is a relationship and that one seeks a
material with high fracture toughness.

My task was to seek methods to enhance the fracture toughness of
resins so that appropriate monomers will be prroduced to be studied in

detail. My conclusions are that while a heterogeneous material may be

the eventual solu*‘on, the development of such a material is difficult
and lacks clear guideposts along the way. On the other hand, it should
be possible to Toosen the crosslinked network of the polymer by intro-
ducing some dangling ends so that the fracture toughness is improved.
This will reduce certain properties, such as the glass transition
temperature, but this temperature is already so high that some tradeoff

probably can be made. (The length of these loose ends was estimated by
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the entanglement length determined from viscous flow in the corresponding
thermoplastic material). The materials being developed have an extremely
short entanglement length so that only short dangling chains should
suffice. To enhance fracture toughness, this work will be pursued at AFWAL
this summer, where it is hoped that my concepts can be tested. Work

conducted during the summer 1980 will soon be published as a Materials

Laboratory report.
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3. ANALYSIS OF COMPQSITES

3.1 Effects of Environment on Response of Composites*

The investigations include studies of the deformation of non-symmetric
taminated plates due to thermal cool-down, the diffusion of moisture into
laminates under fluctuating ambient environments, and optimization of
cool-down time-temperature paths in cross-ply laminates. The latter study
accounts for the temperature dependence of the coefficients of thermal
expansion.

The following papers and theses on this work were prepared:

(i) Douglass, D.A. and Weitsman, Y., "Stresses Due to Environmental
Conditioning of Cross-Ply Graphite/Epoxy Laminates." In Advances
in Composite Materials (Proceedings of 3rd International Con-
ference on Composite Materials, Paris, France). A. R. Bunsell
et al., Editors, Vol. 1, pp. 529-542, Pergamon Press {(1980).

(ii) Harper, B.D. and Weitsman, Y., "Residual Thermal Stresses in
an Unsymmetrical Graphite/Epoxy Laminate". To appear in the
proceedings of the 22nd SSD & Materials Conference, Atlanta,

GA, April 6-8, 1981.
(iii) Weitsman, Y., "A Rapidly Convergent Scheme to Compute Moisture

Profiles in Composite Materials Under Fluctuating Ambient
Conditions", Texas A&M University Report No. MM3724-81-6.

(iv) Harper, B.D., "Residual Thermal Stresses in an Unsymmetrical
Cross-Ply Graphite/Epoxy Laminate", M.S. Thesis, Aug. 1980.

(v) Lott, R.S., "Moisture and Temperature Effects on Curvature _
of Anti-Symmetric Cross-Ply Graphite/Epoxy Laminates", M.S. Thesis,
Dec. 1980.

An additional investigation on "Optimal Cooling of Cross-Ply Laminates

and Adhesive Joints" is presently in preparation by Y. Weitsman and B.D.

Harper.

*Prepared by Dr. Y. Weitsman
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The essential finding of Ref. (i) are illustrated in Figs. 3-5
therein (Appendix A). If we consider in particular the state of the
residual stresses upon termination of moisture and temperature condi-
tioning, we note that the stress profile depends most significantly on
the conditioning history. When we observe the solid and dashed curves
at the times when our laminate was "Returned to Room Temperature", we
note that the stresses are of entirely reversed sign, in spite of the
fact that the current levels of moisture and temperature are indentical.
The significance of the time-dependent material response is illustrated
in Fig. 5, which demonstrates that elastic predictions may be different
in both sign and magnitude.

In Ref. (ii), we managed to demonstrate that the time-dependent
behavior is amenable to experimental detection. In addition, we also
observe that the residual stresses can reach critical values, suffi-
cient to produce large cracks in composite laminates. Additional
analytical and experimental work is currently in progress, extending
the findings of Ref. (ii).

Reference (iii) exhibits the coupling between the moisture
diffusion process and temperature in composite materials. Figure 1
therein (Appendix A) demonstrates that when exposed to identical,
fluctuating, ambient relative humidities, entirely different internal
moisture profiles can develop within laminates under different temper-

ature histories.
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3.2 Analysis by the Finite Element Method: Constitutive Models and
Fracture Mechanics*

The nonlinear viscoelastic constitutive model developed during
previous years hasbeen incorporated into the finite element program,

AGGIE. The model has been implemented and tested for the plane stress,

plain strain, and axi-symmetric cases. The 3/D model has been written
but has not been tested yet. A number of isothermal and nonisothermal
creep and creep-plasticity problems have been investigated and results
compared to available experiments. A report on this work should be
completed by June, 1981.

Related experimental work on the nonlinear viscoelastic character-
ization of composites was initiated; it is described in the thesis
(Section 4):

Kerstetter, M.S., "Nonlinear Viscoelastic Characterization of

AS/3502 Graphite/Epoxy Composite Material," M.S. thesis, Texas

A&M University, Dec. 1980.

The finite element program has been modified to calculate nodal
forces in the vicinity of crack tips and the resulting intensity factors
and/or J-integral values. Three-dimensional calculations of Mode I, II,
and III cracking are thus possible with the program. Although not yet
tested, elastic-plastic calculations for the J integral may be possible

with the program.

3.3 Damage Growth and Fracture of Composites ¥

Recently completed work on theoretical models for damage growth

and fracture is described in the following two papers (cf. Appendix A):

*Prepared by Dr. W. E. Haisler
+Prepared by Dr. R. A. Schapery
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(1)  Schapery, R.A., "On Constitutive Equations for Viscoelastic
Composite Materials with Damage," Proc. NSF Workshop on
Damage, Cincinnati, April, 1980.

(ii) Schapery, R.A., "Nonlinear Fracture Analysis of Viscoelastic
Composite Materials based on a Generalized J Integral Theory",
Prac. 1st Japan--U.S. Conference on Composite Materials,
Tokyo, Jan., 1981.

In Reference (1), the material is assumed to be linearly visco-
elastic for a fixed state of damage. A rigorous derivation is then
given to obtain the effect of microcracking and rejoining of crack
surfaces (with or without healing) on the macroscopic constitutive
equation. Residual stress effects due to temperature and/or moisture
are included. The results have served to provide guidelines for the
development of more general nonlinear viscoelastic constitutive equations
with damage and a new theory for the prediction of initiation of crack
growth and crack speed in such composites [9]. Some results and appli-
cations of this fracture theory are discussed in Ref. (ii).

Experimental work on microcrack growth in a viscoelastic composite

{Scotchply) is described in the thesis (cf. Section &),

Lehman, M.W., "An Investigation of Intra-Ply Microcrack Density

Development in a Cross-Ply Laminate", M.S. Thesis, Texas A&M

University, Dec. 1980.

The initial microcrack state and subsequent growth due to load

application are described; a florescent dye penetrant is employed to
help identify microcrack geometry. A comparison is made between theo-

retically and experimentally determined stiffness changes due to

microcracking. This activity represents a portion of the work underway

to develop analytical models of damage growth in viscoelastic composites

throuah a combination of experimental and theoretical approaches.
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4. GRADUATE RESEARCH ASSISTANT ACTIVITIES

4.1 Summary

The second group of graduate engineering students to participate
in the AFOSR research project entered the program in September, 1979
and graduated with a Master of Science degree by December, 1980. Results
of their research are reported in the following theses:

1. Harper, B.D., "Residual Thermal Stresses in an Unsymmetrical
Cross-Ply Graphite/Epoxy Laminate."

2. Hulsey, R.C., "Delamination Fracture Toughness of A Uni-
directional Graphite/Epoxy Composite."

3. Kerstetter, M.C., "Nonlinear Viscoelastic Characterization
of AS-3502 Graphite/Epoxy Composite Material."

4, Lehman, M.W., "An Investigation of Intra-Ply Microcrack
Density Development in a Crossply Laminate."

5. Lott, R.S., "Moisture and Temperature Effects on Curvature
of Anti-Symmetric Cross-Ply Graphite/Epoxy Laminates.”

6. Metz, D.H., "Experimental Investigation of Free Volume
Concepts in Relationship to Mechanical Behavior of an
Epoxy System Subjected to Various Aging Histories."
7. Poniktera, C.D., "Application of Energy Release Rate
Principles to Compression Debonding."
Abstracts are given in Section 4.2. Copies of the theses will be
provided upon written request to the Principal Investigator (R.A. Schapery).
The current group (starting September, 1980) consists of seven (7)

M.S. students and one (1) Ph.D. student. The topics are listed below;

most studies involve both experimental and theoretical work.




M.S. Theses--

1. Shear deformation effects in highly anisotropic laminates
(Coulter/Weitsman).

2. Micromechanisms of delamination fracture (Williams/Bradley).
3. Mixed-mode delamination fracture (VanderKley/Bradley).

4, Compression-induced delamination (Earley/Jerina).

5. Delamination under complex loading histories (Cullen/Jerina}.

6. Delamination fracture analysis including effect of matrix
damage {Arenburg/Schapery).

7. The effect of elliptical hole shape on the design of pin
loaded filament wound fiberglass tension lugs (Braswell/
Alexander).

Ph.D. Dissertation--

8. Environmental effects in unbalanced laminates (Harper/Weitsman).

The next quarterly report will contain thesis proposals describing
the research planned under each of these topics. Besides conducting this
research, the students are involved in academic courses, as described
in the brochure in Appendix B,

In addition to graduate students, a few select undergraduate
students assist in the various research activities. The participation
of these undergraduate students aids in the research and helps to acquaint

them with composite materials prior to enrolling in the graduate program.

4.2 Abstracts of M.S. Theses Completed in1980
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ABSTRACT

Residual Thermal Stresses in an Unsymmetrical Cross-Ply
Graphite/Epoxy Laminate. (August 1980)
Brian Douglas Harper, B.S., Ag. En., Texas A&M University

Chairman of Advisory Committee: Dr. Y. Weitsman

This thesis presents a method for determining the residual
thermal stresses in AS-3502 graphite/epoxy laminates due to cool-down
from their cure temperature. Also included is a method for de-
termining the optimal time-temperature path that will minimize these
residual stresses.

The analysis considers the time-dependent behavior of the
material and all calculations employ recent data on the thermo-
viscoelastic response of the AS-3502 graphite/epoxy system.

The viscoelastic analysis is verified through curvature measure-

ments of unsymmetric cross-ply plates fabricated from the AS-3502

graphite/epoxy material.
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ABSTRACT

Detlamination Fracture Toughness of A Unidirectional
Graphite/Epoxy Composite. (December 1980)
Roy Charles Hulsey, B.S., Texas A&M University

Chairman of Advisory Committee: Dr. Walter L. Bradley

The opening mode delamination fracture toughness of a graphite/
epoxy composite under varied temperature, humidity and crack growth
rates is investigated experimentally. Energy release rate for a
stably growing crack (Gv) js determined using a double cantilever
beam specimen and a linear elastic fracture mechanics analysis coupled
with nonlinear beam theory. The temperature range of 75F to 200F and

% RH to 95% RH has been studied. A significant effect of temperature
and nhumidity on Gy, is observed only at 200F and 95% RH for the system
studied. Gv values of 0.955 1'n~-1b/1'n2 (standard deviation = 0.08) are
determined in general with a value of 1.14 in-]b/in2 determined at
the 200F - 95% RH condition. The energy release rate is not found to
be significantly affected by crack growth rates in the range 0.01 to
10.0 in/min.
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ABSTRACT

Nonlinear Viscoelastic Characterization of AS-3502
Graphite/Epoxy Composite Material. (December 1980)
Michael Scott Kerstetter, B.S., Texas A&M University

Chairman of Advisory Committee: Dr. K.L. Jerina

The objective of this paper is to study the creep and recovery
response of a composite subjected to several high stress levels in
a high humidity environment. Strain versus time data obtained from
uniaxial creep and recovery tests were used to characterize visco-
elastic deformation in a [:45]2S laminate. A description and examin-
ation of the effectiveness of two data collection schemes are pre-
sented along with a discussion of some important experimental aspects
such as generation of the test environment and mechanical and humidity
conditioning. Data were obtained from creep and recovery for several
stress levels which were reduced using graphical shifting procedures
from which nonlinear material parameters were determined. Conclusions

and recommendations for future research are presented.




40

ABSTRACT

An Investigation of Intra-Ply Microcrack Density
Development in a Crossply Laminate. (December 1980)
Michael William Lehman, B.S., C.E., Texas A&M University

Chairman of Advisory Committee: ODr. R. A. Schapery

An investigative technique is qualified as an experimental tool
to aid in the quest involving identification of parameters controlling
damage accumulation in laminated composites. Specifically, the flaw
state, encompassing geometry, size, and density as a function of a
monotonic load history, is characterized for a [903/04]s glass epoxy
test laminate. Founded upon direct and indirect experimental observa-
tions, a subjective description for flaw or crack development on both
a local and global scale is also presented.

Theoretical bounds for strain energy change are established for
the investigated test laminate. These bounds are used to compare and
qualify the experimental data in the range for which the relationship
between residual modulus and transverse crack density is linear.
Finally, possible candidates controlling the global rate of strain

energy change for accumulating damage are identified.
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ABSTRACT

Moisture and Temperature E£ffects on Curvature of
Anti-Symmetric Cross-Ply Graphite/Epoxy Laminates. (December 1980)
Randall Stephen Lott, BAE, Georgia Institute of Technology

Chairman of Advisory Committee: Dr. Y. Weitsman

This thesis presents a method for analytically determining the
mid-plane strains and curvatures of anti-symmetric cross-ply graphite/
epoxy laminated plates which are exposed to high humidities at
elevated temperatures.

The analysis considers temperature dependent moisture diffusion
and time/temperature/moisture dependent stress relaxation. Recent ?
data on the hygrothermal-viscoelastic behavior fo the AS/3502 !
graphite/epoxy system is employed in the calculations.

Results of both elastic and viscoelastic analyses are presented
and compared to measured curvatures of anti-symmetric cross-ply

plates fabricated from the AS/3502 system and exposed to high temp-

erature/humidity environments,




ABSTRACT

Experimental Investigation of Free Volume Concepts in Relationship
to Mechanical Behavior of an Epoxy System Subjected
to Various Aging Histories. (December 1980)
Daniel Hugh Metz, B. S. University of Illinois

Chairman of Advisory Committee: Dr. W. L. Bradley

An epoxy resin commonly used in advanced composite materials for
aerospace application was tested for changes in viscoelastic behavior
after being quenched from above Tg to 300°F, 200°F and 75°F and then
isothermally aged. The qualitative correlation between the changes
in viscoelastic response and free volume is discussed. In general
more total physical aging and a more rapid physical was observed at
higher temperatures. Data obtained from these experiments is useful
in contributing to an overall understanding of factors important to
the optimization of processing parameters in the manufacture of

composite material components.
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ABSTRACT

Application of Energy Release Rate
Principles to Compression Debonding. (August 1980)
Christopher Dale Poniktera, B.A. Engineering Science with a
Specialization in Applied Mechanics, University of California

Chairman of Advisory Committee: Dr. K. L. Jerina

The objective of this research effort was to provide a critical
assessment of the state-of-the-art of the analysis of compressive
debonding of fiber-reinforced composite materials and to investigate
the applicability of using an energy release rate approach as a means
of analyzing this phenomenon.

The method developed utilizes linear beam-column theory and
assumes prior knowledge of the critical strain energy release rate
of the system analyzed.

An experimental program employing a polymethylmethacrylate (PMMA)
model system was conducted to verify the proposed analytical technique.
The model system consisted of a svmmetrical beam-column arrangement
subjected simultaneously to axial and lateral loads.

Results of the study indicated good agreement between experi-
mental and theoretical model displacement predictions, but predic-
tion of debond propagation, based on know Mode I critical strain
energy release rate values (GIC)’ was not obtained. The author

offers several possible reasons for this apparent discrepancy.
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5. PROFESSIONAL PERSONNEL INFORMATION

5.1 Faculty Research Assignments

Each participating faculty member is responsible for the research

conducted in at least one specific area of investigation, as shown below.

In addition, most serve as chairmen of one or more of the graduate

advisory committees for M.S. students and, as such, direct their

students' research project. The faculty also contribute to other research

activities on the project by serving on student advisory committees,

through technical meetings, informal discussions, and, in some cases,

through specific research work.

The Principal Investigator (R. A. Schapery) has responsibility for

overall technical direction and coordination and for project management.

In addition he has direct responsibility for certain research work, as

noted below.

Faculty Member/Departmental Affiliation

Primary Research Responsibility

Dr. Walter Bradley/Mechanical
Engineering

Dr. Walter Haisler/Aerospace
Engineering

Dr. Joe Ham/Physics
Mr. Bob Harbert/Civil Engineering

Dr. Ken Jerina/Civil Engineering

Dr. Richard Schapery/Aerospace and
Civil Engineering

Dr. Jack Weitsman/Civil Engineering

Physical Aging Behavior,
Delamination Fracture Properties.

Development of Finite Element
Models.

Curing and Aging Studies.
Duomorph Gage

Experimental Data Base,
Mechanical and Failure Property
Characterization.

Principal Investigator and
Theoretical Models for Physical
Aging, Damage Growth, and
Fracture.

Constitutive Relations,
Environmental Effects.
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5.2 Additional Professional Staff

Mechanics and Materials Center
Mr. Carl Fredericksen - Electronics Technician
Mr. William Eue - Computer Programmer
5.3 Spoken Papers and Lectures at Conferences and Other Professional

Activities of the Faculty Related to Composite Materials
(7 January 1980 - 31 December 1980):

W. L. Bradley
Invited Lectures and Conference Presentation:

*J-Integral Fracture Toughness Studies of Cast Iron," American
Founderymen Society, Annual Meeting, St. Louis, April 1980.

"Fracture Toughness of Nodular Cast Iron," Sandia Laboratories,
Sept. 1980.

"Size-Effect on Toughness Measurements of Nodular Cast Iron,"
American Institute of Metallurgical Engineers (AIME}, Annual
Meeting, Las Vegas, Feb. 1980.

Technical Committee Membership:

ASTM E-24 Committee on Fracture, Metal Properties Council, sponsored
jointly by ASME, ASM, and ASTM.

Awards:
Best Materials paper of the year by the American Nuclear Society:
"Corrosion and Mechanical Behavior of Iron in Liquid Lithium,"
Nuclear Technology, Vol. 39, 1978, pp. 75-83.
Named Haliburton Professor of Mechanical Engineering.

K. L. Jerina

Invited Lecture and Conference Presentation:
"eEffective Moduli of Three Dimensionally Reinforced Fibrous
Materials," Gordon Conference lecture on Composite Materials,
Santa Barbara, Jan. 1980.
"Viscoelastic Characterization of a Random Fiber Composite Material

Employing Micromechanics,” Short Fiber Reinforced Composite Materials,
ASTM, Minneapolis, May 1980.
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Technical Committee Membership:

ASTM E-9 on Fatigque, Corresponding Secretary
ASTM E-24 on Fracture
ASTM D-30 on Composite Materials

SAE Fatigue Design and Evaluation Committee
Chairman of Task Force on Composite Materials

R. A. Schapery
Invited Lectures and Conference Presentations:

"Fracture and Fatigue of Viscoelastic Materials," University of
Wyoming, Jan. 1980.

"On Constitutive Equations for Viscoelastic Composite Materials
with Damage,” NSF Workshop on Damage, Cincinatti, May 1980.

"A Complex Modulus Gage- The Duomorph", Annual Meeting of the
Acoustical Society of America, Atlanta, April 1980.

"Nonlinear Approximate Analysis of Solid Propellant Grains",
Structures and Mechanical Behavior Meeting of Rocket Propulsion
Group, Sept. 1980.

"Composite Materials for Structural Design", Sixth Annual
Mechanics of Composites Review Meeting, Oct. 1980.

"Application of a Generalized J Integral to Fracture of Linear

and Nonlinear Viscoelastic Composite Materials", 17th Annual

Meeting, Society of Engineering Science, Atlanta, Dec. 1980.
Technical Committee Membership:

National Materials Advisory Board, National Academy of Sciences,
Committee on "High Temperature Metal and Ceramic Matrix Composites".

Awards:

Named Alumni Professor and Distinguished Professor of Aerospace
and Civil Engineering.

Y. Weitsman
Conference Presentation:
"Stresses Due to Environmental Conditioning of Cross-Ply Graphite/

Epoxy Laminates”, 3rd International Conference on Composite Materials,
Paris, Aug. 1980. Also participated in panel discussion.
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Technical Committee Membership:

AIAA Subcommittee on Design Allowables for Composite Materials.

In addition to the above activities, the faculty attended several
conferences on composites, published papers on other projects, and worked

as consultants to industry.
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This paper (cnierns the (nlerngl residual streeses due (0 the enviroamental

aditioning ot cross-ply gruphlte/epoxy laminates, where moisture is induced into
tne matecial by exprsure to high relattive humidity at elevatad temperatures.

The wtress flelcs resnitiag trop conditioning at two temperature lcvels arve

cvalurey for 3 balinced, syomerTic cross-ply graphite/epoxy laminste dy means of

poth elastic and vimcoelautlc anal.ses. The formulation constders tewperature-

darpendent mnisturs diftuston and time, temperature and moisture dependent stress
Lwxation,  The computations are bused upon recent dats and employ reslistic values
! materinl paramilere.

The aralvsis shows that the visc,oelest v stresses are such smaller than those
predicted bv elastic analvsis, and that conditioning at 150°F results in resfdusl
~tresaes which are naaller than those ceached during conditioning at 180°F.
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LNTRODUCTION

Increasing cooncern with the effects of temperature sod moisture on the par-
formance of composites demands the develupment of sccelerated conditfoning tech-
niques. These conditioning schemes attempt to simulats exireme 2xposures to
wolscure and tempsrature which may be encountered in service life.

Since moistute diffuses extremely nluw the conditioning process e accelevrated
by empluying elevated tomperatures whirl accelecate the moleture sorption and
shotten the duratton of the experiment.

1t wae observed that :ertain conditioniog vchemes ioduce dasmage in the com-
posite. ln order to develop time saving, yst non-damaging, laborstory experimentes
it {8 necesssary to predict the stresses which arise due to moisture and temperaturs
io conpostite laminates.

In 22.ts paper the moisture and temperature effects sre incorporaced into g
viscoela:atic constitutive relation, which {s based upon creep data st various
levels of remperatures and poisture contenots. It is noted that both environmentsl
factors act as swelling sgents, which introduce streeses in the presence of geo-
wetric vonstraints. On the other hand, both molsture and tesperature enhance the
relaxaticn of gytresses, thus coopensating for thelr initisl effects. While this
"competition’ {e accounted for in the viscoslastic representation it cannot ba con-
sideted within the context of an clastic response., Cousequently, test articles
which were conditioned in d{fferent manners will contsin disparate residusl
stresses and perform difterently urder loads.

In thls paper we consider & symmetric, balanced, cross-ply laminate. Results

are prasented for two cunditioning schemes and comparison is provided wvith an
elastic analys{s. Additiinal reaylte and further details are given in Ref. [1}.

PREL DIINARY CONS LDERAT IONS

Foc . iarity ve prewent indlviduslly the major factors present {n moisture com-
dirtantag

Moietaure Diffaston

The ditfusion int (tin composite taminates is found to follow Fick’s second
lav (21, 3], which in une dimenylon reada
w3
“r v a7 ()}
The salution to (1), under steady ambleat cond{cions is given in two alternate
torms Q4
' . R =X n+l In-1-¢/h 2n-1+2/h
i LRI 3y - (my -~ @) {1 -nZ‘i—l) [erfc( 76 + erfc T (2)
- .
in.d 2
~ oy Lyyntl .1 wlen
M) e mg - (my - 3 C -1 cos(_rL) exp(-ustt) 3
T oelUn n

t
where the dimensionleuy time t* e glven by t* o Ez ., and {n (1)
h

- (In-1,7

v
n

It ~an be shown that tar t* -0.79 (2) cunverges rapidly while for t# >0.29
ferm (3 fe more advantaieo.us in 117, (2) and (3) = is woleture, m, {s the con-
stant amblent mcisture, g i< 2 untfote inltisl moleture, ¢ is the apatial
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Cordindte avtuss the thickness, t 1y tine and D the moincure diffustvicy.

It hat been found [S] that the suturation level my deponds on the relative
~ midity RH. In graphite/epoxy seystems & linear relationship mg = Z(RH) is employ-
) In addition, the diffusion coafficient D ie temperature dependent [6). This

cpeadence 18 given by D(T) = Ajexp(-B,/T).
Swelling Due to Moisture
The transverwe swelling of most gruphite/cpoxy systems dus to wolsture sbeorp-

.on la sketched {a Fi1g. 1 (7, 8). The phenomeaon fs characterized by a woloture
expansion coefficient §p.

e

K

3

(%

fhs

’®
f -

Moisture Content
m,
i Fig. 1. Transverse Swelling Vs. lMoisture Content

The transverse atraln due tu muisture swelling is expressed as follows

br-ﬁ—r(m-m:\furl:-l
)

Sp = for m < m,

In (4) m; ia A threshold value balow which molsture is not accompanied by any
“rénsverse yvelling.

Measufem at~ . l<: Indtcate that the Jungltudiral swelling coefficient is
~3ligidly small and we shall take 8 = 0.

Temperature Dittusion and Thermal rxpanaion

Data on teaperature diffuston ind.. ste that, for typlcal laminates, this pro-
.y preceesds auch taster than all other time-dependent processes. Therefore we
all disregard temperature diffuston and consider spacially uniform, thermally
*c.ilibrated scates.

In unsdirrctionai laginae the therwal strains are completely characterized by
lonpginfudingl and trensvearse coet!ilents of thermal expansion 6p and ar.

Gecaegry and Kotation

We shall conafder symmetri., o ‘" lay-ups and let the pripcipal material
s cotnacide with tre x-y coordingtes. The x axis 1a chosen paraliel to the
ibers 3n the 7 plies. Whenever necessary Je shall employ subsccipts L and T to

} rote longitudinal and transver.r directions. See Fig. 2.




Fig. 2. Laminste Geomatry and Notation.

Viscoelsstic Behsvior

The viscoelastic response of graphite/epoxy lamivates in the transverse
direction is of paramount significsoce during esvironmentsl conditioning. The
t ime-dependent trsosverse complisnce St can be axpressed by a "powver lav”
equation {9)

o

St = Do(T.H) + u,(,-;ﬁf) q )

whers D is the folctal compliance, t is time, o(T,H) 1o the shift factor functioca
which depends on hum{dity and temperature, and D, aud q sre material constants.
The dependenca of Dy on T and H can be expressved by {9 Dg(‘l.ln @ aTq + 2T + ch ¢+ &
However, in order to simpl(fy computations we shall approximete Do(T,N) dy ite
average value over the range of T and H {n each conditioning scheme. This spproxti-
mation entsils errors of abour 51.
The dsts oo the shift-facter function &(T,H) can be expressed by
a(T,H) = a;(T)ea,(H) where
log 8;(T) = ay ¢ &, (1/T) + ag(1/T)? and (e)
a;H) = agmd:
The coamplisoces §; and $|; do not exhibit time, temperature sand moisture dependence
Rlasric Compliances anu Modulf

We shall take all elastic compliances and moduli s the fnitisl viscoelatic
vaiuves. Moduli are (nverses ot compltances, s» follows

€L =~ Do/t o Cr = Sp/a , Cyz = =3),/8 , vhera & = S - 8,3, M

514




cogbined Stress - Strain Relations

Rastic

The combioad elastic stress-strain relations for the pliss considered heretn,
snd for s state of plane stress, are

9,0 « C1 0y + Caey - (Cpa, + 1200087 - Cpabp(m - my) - CLoy »
0x%0 = Crey + Ciyey - (Crag + €120)8T - Crbp(m - w) - €28,m °
o’0 = Cia¢x # CTty - (Crog + C120))8T - Ch (w - ™) - Cpp8ym )
0”0 = Czex + Cey - (Cpap + €120008T - CppByln - m) - (1fy®

where suparscripte 0 snd 90 dancte ply orientations. It should be borme in -u&
crat since @ - m(z,t), all stresses depend on 3 and ¢. However for the sske of
notstional brevity this dependence is suppressed.

Viscoelastic

In ansilogy with (8) the viscoslastic stress-etrain relstions for combimed
effects [10), expressed in terms of compliances, are

320 # 8512040 « 1,0

t o
do
512050 + g0, 0 + D,f € - ¢ - ar - p0
L 0 90
do 9
D0 + 0y ‘/ @ -en d: dr ¢+ Snﬂyw -n%

5;;0.90 + Sloy‘)ﬂ - l,qo where, in (9)
t Y 4
- o f ——__d80 Uegt o f — 2 __
L= et ,[.ms).-\’.,.)) A 0 ,[-m-).-(x.-))

and

1‘0-.‘-5L-'aLn . n,""-t‘-eT(a--\)-aTu .

|,°-¢,~eT(---,) - agAT -5'290"¢y'9l_' -cLA‘l'.

ELASTIC STRESS ANALYSIS

Consider 8 symmetric laminate composed of N, 0° plies and Nyp 90° pliss. The
.suinate undergoes a total tewpersture change AT, vhich consists of cooling from
Lre to room tempersture and then heating to the desired level of conditioaning
tezperature at which moisture conditioning {s enhanced. The laminate slso absorbs
colsture during storage prior to conditioning and due to conditioning at increased
- mtdity. All this tlme the luminute is free of external loads.

The elastic stresses are obtained by superposing the solution for a geo-
secricelly constrained case, in which the molsture sorption and temperature varis-
tica are considered without any deformation, and the soluticn for strain fields

x(€) and cy(t) which are unifors throughout the thickness. The superposition is
¢ffected 1in such A manner that the net resultant forces Py and Fy, in the x and y
cirections respectively, vanish. The requirements [Fy, » O, I[P, * O, represent the
aSeence of externally applied loads, dut are insufficlent to account for detsiled
edge eftacts and provide the equatfons to determine the straine ¢, (t) and ¢ (¢).
Since the moisture profile gt each time is known frow the solution to the dl‘f\um
equastion, denote the total contribution to ewvelling due to woisture in, say, the
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1th ply by
o) ~ B f (w - m))de (10)
Thicknass of
(N o1y

In (10), the superscript ¢, which say be 0° or 90°, indicates the oriestatios ef
the 1th gly. Consequantly, the cumulative transverse swalling due to mofature for
al} 0° plies is

o 0
00 = T e ty)

i=]

and similarly for the 90° plias

%0 w0
M) = T )

iw]

The ctotul longttudinal ewelling can be obtained i{n sn analogous wmanser. WNow-
ever, since we take §& = O, these anaiogous terms vill vanieh {n our cess.

pencte h¥ and h90 ag the total chickness of all of the 0° and 909 plies re-
spectively, then employment of (8) together with the equilibrivm requiremeats
1Py = O, IF, = O yield

(hocL + hQOCT)“ + (n0 4+ h90)Cnty - R,
0+ 190c e, + Oy + w0 e, -, an
wvhere
R, = e 00+ er®) & Crerai®®) o ¢ 0y )
. ho(Clﬂ,fC”uT)AT + h9%Cay + € ,a)AT (12)

K? - Clrzl(no) + CTQT(NO) + C]}'T(Hgo) + CLQL(N’O)

. ) 90 .
+ ho(\.TnT + Ca T« n0c ey ¢+ ey et

The simulzaneous solution of (11) ylelds the valuss of the cime~dependent straias
¢y and .. The stress proflie due to temperature and moisturs condicioning is ob-
teined by substictuting the wtrains from (11) {nto (8).

The tima-dependint elastic stresses are thus detarmived for all tiees umtil
woistulc saturatton is reached for each particuler conditioning schewe. At this
stage, the temwperature i3 lowered down to roos temperature, csusing sudden in-
crements in all stresses. These incremants are obtained by solving » sisglified
verstion of (11), (12) and (8) fo which "1 and lz contain only suitable AT terws.
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_ites attention is S

VISCOPLASTIC STRESS ANALYSIS

Consider Eqs. (9). Thasa equations contain four unknown stresees whose evalua-

1100 requires tha salution of simultaneous integral equatioms.

To avold this cumbersome task we invert the compliances and revrite (9) to ex-
icss stresaes io terws of o Cy, @ and T.

As a firer step toward this inversion consider the Laplace traneform of (9).
venoting f(p) -/-"' ft)de snd pl(p) = £(p)
0

ve ubtatn from (9)

L0,z 40 _:0 90 ;-9 _ =9
SO, #Sd Ry L 88, v R8T -y '
(48 )]
90 _ 90 _ : 90 S0, :50_§ 0
Spf, v 58, K co 3y, 58 ek,
Inverting (1)) we obtain
90 = 90 90
3% -c v R0 3, =& T o
N (18)
S0 . -0 _ .0 90 _: 590,z 9%
RTINS o , =t Gl
. ) .
where, In (14) rL - T B Lr - T; . élz - - ‘%z
A A [

and 8 - SLST - S12

In the present case, vith SL and Slz being constant, the only terwm which re~
T
In view of (5)
- q
Sr Do + Dl(
cunsequently

L ep sp Ma*d)
T 0 1 pq

we shall employ the approximate fors {11], whareby ¥(t) cas be expressed from
according to F(t) - F(p) ,p = 1/2t. Therefore (15) yields

1s)

apltr o DL w At Q(16)
whery
0.f(q + 12
Aa A
Dy

Similarly, {nstead of . we shall write, upon ioversioo

L(t) =5 Dp(L Atcy - sf? [$4))

Altogether, the Laj.e ¢ trarsform tnversion of (9) will give
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0 t dl‘:(‘) “g(t)
o (t) - c lede) - e —a Culc(t) - ¢n)) r= o
0

t 0 0
4 (v) ar(v)
agte) - / ;cuum - L) —— * Clede) - g) —%—}a
V]

90

as)

and similar expressions for 0‘90(” apnd o’ (t).

Lrplicitly 1o (18), wva have C (t) = Do (1+At?)/a(r), Co(t) « 8 /a(c),

2
and €, (t) = - § . /8(t) where  A(T) = SLDo(lMt‘) -8,

Just ss in the elastic aualysis we nov have terms R?(t). lg(t). sod also
20(t) and £30(¢) which contain known valuas of moisture m(s,t) and tempersture
8T(t) end yot uoknown ecreins c,(t) sud gy (t) which are spatizlly uniforn. Thuse
§ volmown strains are present in order to reassutre oull rasultant forces LFy(t) =
! 0, Z7,(t) = 0. Note that the sbove requiremsnt of aull resultante which applies
tor .Il times, provides ths conditions for the determination of ¢y(t) and ¢y(:) at
all cimes.

In addition, we should note that tha viscoelastic anslysie considers the
initial streeses and straine, ¢ (0) and ¢ (0), and accounts for their own relaxs-
tion a8 tims progresses duriog the condulonlng stage.

Yinally, in order to clarify matters, we observe that during conditiomiag the
woleture @ varies but the temperature T remalns constant, therafore 4T » 0 in Ry°,
lzo. etc. during that etaye.

]

Q
Altogether we have o "(z.t) = -} 1€ 8+ GTCn(()] (Tcun - Tcond)

-
*PLCL(C) . arc”u)] »(:,0) - my 14 c (E) € (0) ¢ € p(1) € (0)

‘ 4 (1) de (1)
+ / Qe - L] ~Fr— v ¢ It - em) —f—
o

\ . dm(z, 1) dIl(l.\‘) -~ m I
- feees - et WE g e e - tm) — ‘,‘ a9

Simtler expressione can be derived for o,‘m(:.t). 0.%(s,t) and o,’o(l.:). Por
y
dotai s oau Ref. (1],

i . In (19) =(3,0) {s the wofsture level at tne beginning of the cooditioniag

, ! stage. Tnis molsture level, st t = 0%, is taken to be tbe smbient conditioning

| moist. re ievel st the outermoet surface of the laminate (2 = th), while the ve-
mafoder of the (aminate remsias &t the tnitial moisture level due to storsge.

' ‘ f4. (19). and its countcrparts for 0,90, o 0, and 0,%°, express the time-
" dependent viscoalastic stresses until saturation time t = ty. The value of tg of
course depends on the conditicaing temperature T. At t = tg the temperature {s
lowered to the room temperature Tp, causing sudden stress incresents.

These incremants si1e computed elastically because of thatir rapid developmeat,
“ which rules out viecoelasticity.

+
Thus, st time = l' ve get
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1] + [} -
vy (28 = 0 (.t) ~ o€ (0) ¢ qr(:n(o)]('l'c‘m‘i - 1)
(20)
M D)+ 0O (ep) - ¢ (t))
+Cu(0)l¢,(c‘) - cy(l’) c'_ g (e, ety

Anslogous “xpressions can be derived for o;%0(s, :"). o(l.t}‘), nd 5’0(1.(:).
fav ~omplate detsils ses Ref. (1].

m.tt- dapendeat strains g (t) end c,(t) are determuined from the requiremsat
chat ( o,(3,8)dz = 0 and £ uy(l.t)dx = 0 at 21l times t. The thus determined

) amd ¢y(t) are then reinserted into (19), (20), and the analogous sxpreasions,
tc itald the sctual strass distributionms.

I order to perform the computations indicated in (19), we dfiscretize the
thickpess of the laminate {ntc portione 42 and the time intarval dato portions At.
T cthickness discretization is required ia order to detsrmive the moisture profile
< ach time and account for its effect on the “rsduced tima™, £ = ((s,t).
*u.herwote, this diecrettization (s vequired vhen perforuiag the iategration of
1tressés across the thicknesa to obtain IF, = O and th » 0. Sstisfactory results
vere obtaloed by dividing each ply into five equal incTewsmts Ax = 0.00025 ca.

The diecrecization of the time domain t 1into portions At between t, = 0 apnd
t.e curvent value t iv required to evaluate the time integrals like, say,

£ de, (1)
fCLIE(U - gC) ] pramdl it

[}

For this purpose we employ a scheme similar to (12). Denoting (l “0, t~ lj +1

v et

r 1 t
de_(1) kel d¢_(1)
. — - - —a
]CLIC(I) ()} 4 dr 2 j ¢, e [183))] a dv
0 k=] t‘
)
3
1
> {c ORI CUR I AT c(:kn} lektyy) - elep)
x=]
Expreesion (21) conteins all previously known unxu exlty)s eglty)eeiinees,
~xt0y) and the current, yet unknown, strefn ¢,(t(,.). In this er the unkmows

stralen p, (ty,)) sod, simtlarly, ¢y (ty, ) nre h.ulued and solved for in & time-
sarctlag lcqu.nra

Baciafactory sccuracy wae obtained by taking six equal increments par decade
e a3 Che logerithaic cime scale.

*

MATERIAL PROPERTIES AND COMPUTATIONS

The material properties which entered the actual computations are eummsvised
‘. Tadle 1 below. Due to the incompietencss of the experimsotal data it wes
“t:essary to employ data for twe graphite/epoxy systeme. Data marked with & etar
', refers to TJ00/5208 irom Ref. {7], othervise the dats refera to AS/)301-6 from
e 9],

The Jctual computations aim at comparing the stresses for two conditioning
*avironments. In both cases, the ifoitial strewses are idemticsl, sod are stiriby~
od to the followving causes:
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Magyttate

Patamater Symbo i
Mojsture diffusivity A 0.01671% c-‘/OCc.‘
D= Alcxp(-lxl‘l’) (T tn °K) L 4618.0°Kke
Coafficient of moisture expansion
per 13 weight gain
Loagitudinal LY 0.¢
Transverse ‘T 0.4899%
Notsture offset value " 0.3450*
Coaefficient of thermsl expsasion
Loagitud inal a -.% x 10.6:-/:./'!‘
Transverse ap 25.74 x 107 cnlc.l'!:
icitisl transverse compliance Do s .12878 x 10'n 'EEEEiT—T
Dy = aTH + bT + CH + d b .14247 x 1070 "’:'
c .29073 x 1077 %‘—‘-‘-
4 0.482 3 1077 wrat
Transverse complisnce, creep l)l 1631 x 10-' UI-I/OK.'
Power law exponent q 0.18
Longitudinal complisnce 5L 27653 x 10"1!.”
"Cross effect” cowpliance sz -.7679 x 1078 xpa~!
Temperature shife factor function ay -105.5% .
Eq. (6’1 ., 6.18) x 10 6'! .
ag -9.053 x 107 *K
Moisture shift factor function . .063)6
0 - a, x (1" b, -8.962
Moisture to R.H. conversion factor
=P x (IR.H.) E ,01505#

Table 1.

1. Coul-down [rom a cure tenperature, Tcur
ture, T = 297°K (75°F).
roum

Haterisl Properties

. " 450°K (350°F) to room tempera-

2. Uniforw suisture vaturation during storage due to 501 relative bumidity.

In o.tuality, the cftect of the teoperaturc rise from To o = JS°F to the condi-
ticning temperature la incorporated into the iniclal condfitionas.

The two conditioning environments ave:

L. 3)9°K (1%0°F) at 98T R.H.

2. 1%k (183°F) ar 987 R.H.

“re magnitudes of matertal parsmetetrs, which are dependent on the conditioniag
environment, are calculated for each environment snd susmarized 1o Table 2.

Results are shown for (02/9021‘ laminaces.

are glven in [1).
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Further results, for other lay-ups




oning Tepperatufe
Parametar Sysbol 139°K 333k Untte
Motsture diffusivity +2000 x 10" 21798 » 10" cu‘lonn.
‘nittal transverss D, 1003 x 10" L1102 2207 wra”!
Tcmperature shift s 0.013 0.00063
factor funcrion

ilastic moduli ¢ max 12“ 11,8 x x:‘ xPa

CT 9.43 x 10 6 9.17 x 10 . kPa

12 3.303 x 10 3.203 x 10 kPa

Table 2.

RESULTS AND DISCUSSION

Condittoning Dependent Material Properties

Figs. 3 and 4 exblblir the atreases o,(z.t) and oy(x,t) due to moisture sorp-
tton at 981 R.H. These figures provide comparisons betwaen conditioning at 339°K
(Jashed lines) and at 355°K (solid lines) and demonstrate the "competition” be-
tween tha effects of moisture and temperature as stress inducing sgents on one hand

und atress-relaxing parameters on the other hand.

ZICW} Z(CMm}
\ . ™
\\
1= 100 Min
1= 1000 Min
\
v
|
irs( {rsy ‘ ho 8l [2X7] he
A A —h " - A e -
10 34 [ 104 0M 0 0.4 -10.34 w4
OtmPs) a(nPsl P
[L L] {71 13 1}
Zicm) ZiCM) ZiCm)
} [} [ A .08 [} 4‘ 908
) 1] :
] ) 1
H 14 1
t + 10,000 Min H * Uisturstion : {
. [ L)
]
i - i Reowum o -
.‘ ' Room Temp
' 5
; H
Ty, (1Y) i s [AL]] AR 1
paTe n J 4 iy
1034 0 104 10 34 [ 104 -10.34 Q 10.34
oimPe} OtmPa} OimbPs)
L4 [Le1}} (X811

Fig. 3. The Viacoelast!: Stresses ox Ve. The Spatial Coordinate z st Various
Times tofor [02/90314 lacinate (z = O 1o Symmetry Plane) Due to Moisture Condition-
o at 98T R.H. st 335°K (S014d Lines) and 339K (Dashed Lines).

parentheses).
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‘ *
{ 'Lbl { 5‘) ! ("Ll) 18 )
034 0 10.34 -10.34 [ 10.34
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Fig. 4. The Viscoelastic Stresses o  Vs. The
Spatial Coordinate ¢ st Various Times t fxr
[0:/903], Laminate (z = O is Symmetry Plane) Due to
Moisture Conditionting at 98% R.MN. at J55°K (Solid
Lines) and 119°X (Dashed Lines). o in wPs (kef in
Parentheses).
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To appreciste thy total effect of condittoning, cousider the strevses o, &t
each cnditinning temperature (Fi1g. &). During the early stsges of conditionting,
t = | minute, for which there has baen but minimal sdded moisture, the stress pro~
files veflect the diffurence between the two conditioning temperstures. However,
18 conditioning progresses, say up to 100U minutes, the dependesce of moisture
sorption and the stress vrelaxation on the conditioniog tesperature bacomes promi-
nent. At this stage, there fs noticeadly more moisture sorption st 355°K that at
J39°K as 1s evident by the iarger compressive stresses io the trsnsverse direction
of the outer ply. Yet, at the outer surfaca of the laminate, wvhere the boundariss
wete exposed to the amblenr conditioning moisture level throughout the eutire 1000
minutes of the -onditioning stege, the cowpressive stregses are gbout 17 percent
.ower for the coadirioniog eavironment of 335°K. After 10,000 minutes ws note that
the slopes of the traosverme otresses in the outer ply are of opposite signs. This
iontrast i1s attributed to the enhanced relaxation at 3I33°X. PFinally, upon reaching
molatuie satutation (* 22 days at 1595°K, and 43 days at 339°K), the stress profile
in back the langitudlnal and tranaverse directions (s nearly uniform acrose the
thickness; yet, the fact that the stress magnitudes are similar {s purely
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coincidencal.

The final cool~down to room tamperstute of 297°K suparimposes additional
stresses on the laminate., Mowever, since conditioning at & lover tempersture cor-
responds to & smaller ctress increment, the stresmes dus to conditioning st 139°Kk
afe lowar than those stressss resulting from conditioning st I33°K. Note slso that
the locations of tensile and coapreseive stresses are reversed,

For cumparative purposaes, the elastic snd viscoalastic atresses sre pressated
in Fig. S for conditioning at 155°K.

The figure shows that by discarding time-depesdest response and overlookimg
sCress relaxation the elastic analyais predicte stressss which differ from the
wviscoelastic results to eign and overestisates theo by three to eix [old.
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THERMAL STRESSES IN AN UNSYMMETRICAL CROSS-PLY

GRAPHITE/EXPOXY {AMINATE

8rian Oouglas

Harper*

Y. Weitsman**
Texas A8M nivercity

‘oilege Stat:in,

Thic Dpaper ;resents an exploratory 1nvestiga—
*1gn of tre residual nirasses e A5-3802 graphite
00X, 1amirates dye to cocl-down from their cure
temceraturs.  fmphasi. o plared on the signifr-
cance of time-dependent material beravior and the
sotenttal utilrzation of this phenomenon to reduce
residual stresses ny a judicious choice of the
cool Jown process. “ne analysis considers the
1me-Jependent behavior ot the material and all
calcuiations empioy recent data on the thermo-
viscoelastic response of the AS-3502 graphtite/
epox; system.  The viscoelastic anaiysis is veri-
fied througr curvature measurements of unsymmetric
~r0ss-0iy plates “abricated from the A$-3502
iraphite epoxy material.

Irlruductien

Tre Ccuring 0° Composite Taminates at temp-
sratures above *neir service temperature induces
resiaual stresses soon cool down gue to the dif-
rerence 'n thermal expansion coefficients 1n the
‘ongitudira) ana transverse directions of the
‘amirae. 1t ra. 0ng been recognized that the
oresence Of resigual stresses greatly affects the
strengtn of compos:rte laminates. For this reason
“here nas been an 1ncreasing interest in develop-
nent »f improved methods "¢ determine these stress-
S5oArl o mnimeze treir nagnitudes.

)

T17ano ang Hanne gtilized an approximate

wrnd Ygr getarmeooien the regidyal o tresses n
wrooeiymmet el o0y Taninate. They consld-
iri Sy ey vt ¥ ehp T3tpate 3t

wh' 2 ahove ‘rat remperature To
Cenyoannamet Y orern - tress state.

v Lnt o noted Trat epoxyes exniprt
sransunced ve.ooelastic effecis, consequently there
s LS 20th neeq ang ustifrcatios for an dnalysis
Am1ch ¢onsiders the tome dependence 0f the material
sirTng o tme entire Co0b down Drocess.

Jo.slass and Weitsmanc used a viscoelastic
analysis *o predict the residual stresses in a
symmetriz i-iss-oly Jaminate Jue to both temper-
ature and meisture effects; however no attempt was
nade to veri1, these r~esults experimentally.

“nig paper praseats a method for evaiuating
tne rasidual stresses 1n unsymmetrical cross-ply
laminates which employs linear viscoelasticity
*~roughtout *he -20) down stage. Unsymmetric
‘aminates ara chgsen because *heir deformation
trynlves anti-clastic carvatures which are amenable
‘e meas.rement, unlike the case ot symmetric lamin-
ates .everal ynsymmetric cross-o./ A5-3502 grap-
nite:epcxy laminates were fabricated and the cur-
vatures measured te veri€y the yrqcoelastic analy-
518
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*3radua‘e student, Jdechanizai Ingineering
**0rnfass0r, Mecnar'es 3 “aterial, Center,

Ty Enqineering Tepartment
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“exas

Due to the significant creep of epoxies, esp-
s»c1ally in the elevated-temperature range, there
ex1sts an optinal cool down path that will minimize
the residual stresses. This optimal path is deter-
mined for the AS-3502 graphise/epoxy system using a
method suggested by Weitsman<.

Elastic Stress Analysis

The thermoeiastic stress-strain relations for
an Srthotropic lamina under plane stress conditions
are

wi=l, 2,6 (0)

In {1) and the sequel, - is stress, ¢ 15
stratn, Ly are stiffnesses, a are coeffictents of
of thermal expansion, T is the temperature and :7
the temperature difference.

Consider the cross-ply 0,790, unsymmetrical
laminate shown in figure 1.

Y

Fig. ' GeometTy of the unsymmetric Cross-ply

Laminated Plate.

vanishes

Since in the principal directions G}
strain

and there exist no shear stress *o norma
coupling terms, we have

ny ® ixy =

Keferring to the individual laminae in Figure
I we can express the stress-strain relations as
follows -

Ty * 0

the 22nd SSD & Materials

fonference, Altanta, Georgia, April} 6-8, 1981,
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ortentat or and subscripts . and 1 denote the prop-
erties 1n girections parallel and transverse to the
fibers respectively.

Following the assumptions of classical plate
thecry® we can express the strains in terms of the
midsurface aisplacements Uy, and w and get,

Jenoting midpiane ,trains and curvatures n

the usual manner
o . Mo s e g o LWe o _iMn gy
N ' v v X 7 N
x vy
=»quations (3 become
x e Ky y* ey * I (5)

The midniine strains and curvatures in the
3790 unsymmetrical laminate due to 2 uniform temp-
erature change .7 can be Jetermired by requiring
that the ne* ras,itant forces (N' and bending
momerty MUowntech dct on tne plate rmust vanish
Tris mesuite cn tne following expressions
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Stresses may now be evaluated by incorporating
the results from equations (7) into equations (2).

Viscoelastic Stress Analysis

It has beer noted that graphite/epoxy compos-
1tes exhibit a considerable amount of time depen-
dent mechanical response, especially at elevated
temperatures. This time dependence may be approx-
imated by a viscoelastic constitutive relationship
and employed to predict strains and curvatures due
to cool down from the cure temperature.

A1though the behaviour of polymeric resins
immediately after cure exhibits dependence on such
complicated factors as aging time, quenching rates
and perhaps on a variety of non-linear effects we
shall assume herein a linear and thermorheological-
ly simple (TRS) v1scoe1astig behaviour.

Data on graphite/epoxy" indicate that the
assumption of TRS behavior involves only small
errors .

Accordingly, the transient thermal response can
be related by means of a single temperature-depen-
dent function AT'Y’ which is called the “shift-
factor”.

The time-dependent portion of the viscoelastic
behavior involves reduced-times, which are denoted
in tne sequel by £(t] and :{r), where

v 1
git) / S f__ds__ (9)
AL[7T(s)] AT[T(S)}
o 5

v

The viscoelastic counterparts of the elastic
expressions (2) are:

Yo e .
:x"(t):[)CLLZ\t) - 0]

de (7}
X

dx




o :—/ ; ):,zfa(t; -€(x)] -7;7;
9

3. (1)
v CLlert) - o)) —~§;

a1 1oy L

A0, vt oand s (t) zan oe Joptarne! *
: °(t) ana o~ °(t), respeltively, by 1nterchangtng
the roles of': and ¢ in (10,
8 v

In the case of thermorheclogically stimple ve-
navior we can obtawn viscoelastic solutions from
the results to analogous elasticity problems by
means af tne 5o-callied correspondence principle.
The principle remains valid 1f at any give time the
temperature 1s spatiai'y umiform. In our case this
condition 15 satistied %0 @ suffioient degree of
20Curacy Jue to the migh thermai conductivity of
Jravatcoe, ecoxy laminates

rotnrs 3aper we <nall employ the correspon-
jlence rroncipie in con_unction with an approximate
tecnnigue for the inversion of the lLaplace-
transformed elasticity solution. Applied together
those nrincipie and techninye combine to yield
the ‘guasi-elastic” method.’ Accordingly, the
viscoelastic response furction to a umit input is
aporoximated ny an elasticity solution in which all
eiastic constan®s are replaced by tne corresponding
reduced-time lependent properties. Once this unit
response function 1s obtained, the response to any
general nput m3y -e obtained by means of the con-
volution ntegral

Tansegaent’,, we obtatn the *alinwing expres-
S5TCrs s tha tome gependent midpline strains and

TLraature . e ew ot

where, in (12), D((t) -£(x)], Plg(t) -£()], and
Q c5(t) -%(t)] are obtained from D, P and Q 1n (8)
with moduli ciJ reptaced by C1j[5(t)-£(r)].

In the AS-3502 graphite/epoxy Ssystem used in
this work, the only compliance which exhibits sign-
{ficant time gependent behaviour s the transverse
compliance S.°. The time dependent transverse com-
pltarce Sy, can be expressed by a "power law" equa-
t1on of the farm

g
Seat) =0 [‘K;%Tj . 'a] (13)

wnere t ts time, and 0,, q and 1, are material con-
stants. Fyrthermore, the shift-factor is given byb

AL(T) = exp(-T/A + B)

1l (14)
where 7 is the temperature in degrees Kelvin and A
and 8 are material constants.

Since equations (10) - (12) contain stiff-
nesses rather than compliances it is necessary to
invert the compliance matrix to obtain the time
dependent stiffnesses. Performing this inversion
we get

s S, -$),
A AR s O S ERU
(15)
2
where  a{t) = § S.(t) - S5

in order to perform the computations indicated
in (12) we discretize the time domain into portions
1t between ty = O and the current value t. C(onsider
for example lhe convolution integral,

t
_/r Pt - a0y g (16)
5 »
Senoting t, * Jand t = t. . (16) reduces to
t f
e . d4aT({~ 3 tkel
J/‘Fta(t) (0] Eptd s Y Flzlt)
0 k=]
< (7

Y

- £(1)] QQ%SLL d = %— g:;F[E(t
kel

S Ety)] ety - e(tk)]f

[gr(tk,]> . AT(tK)]

Optimal Time-Temperature Path

Reverting to compliances in place of stiff-
nesses in (7) and employing the quasi-elastic
approx1mate method we obtain the foliowing
expression
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. . daT{r)
hK it] :j(.F[i\t) - 0] ——E%L* a- (18)
0

in (18)

i ) 6[:5L<1L i \T)ST(() - 2513(«L - \T)]

() = Y I i

Sy(t) + 145,5.(t) + S - 165y, (19)

1,0 STt s T() - T

where T oy the strect trog reference temperature

The residual stresses in an elastic material
depend strictly on the temperature difference AT,
and not the time-temperature path employed to
achieve that temperature ditference. A viscoelast-
fc material, nowever, “as time Jependent material
properties which are <!irongly affected by temper-
ature. Since the relaxgtron of residual stresses
are enhanced at elevated temperatures, there exists
an gptimal cool down path T(t) which minimizes the
residudl stress.

With prescribea 'n1tyal elevated! temperature
T, ol temoerature Troand cooiing time ty a sol-
ution for the gptimal path T(t) can be obtained for
a wide class of *unctions F(t)} in | 18). We take
"1 to be cure temperature, at wnich the laminate
15 assumed stress free, and Tc as the room temper-
ature.

The ootimal path “{t}) which minimizes the cur-
vature K can be derived by a method developed by
He1tsman34

Accordingly, it can be shown that this optimal
path contains discontinuities at t e 0 and t = tg
The first temperature dyop, from 7. vy T 15 deter-
minted trom the transceondental equation

AT
A 3
. . o)
LT )
ST 40 exponentidal temperature shitt factor
TUnctIan as tnoeauation (140, equation {Z20) re-
fuces to To- T, =4

) [n the ti1fme interval between the initial and
frnal uiscontinuities 1t was shown that the ortima!
path T{t} 15 joverned by the nquation

gr. . U sad ) a[Tin)]
At 0 AU TR

20

L0 ang 01 primes cpdicate derivatives with
respect *0 he argument

“he aptimal ime-temperature 2ath 15 Jonstiuct-
»g by 1teration chrough *he-emplovment of (1),
Jivi3ing the rime period ', 1nto 1 equal sub-
‘ntervais Lt othe cteration on (21 may be carried
Jut by selecting 4 quess value T(te) denoted by T,.

Trer a3t ¢ "o egquation (U1 qives
PR (22)
:" »"‘\‘ - !
R Y - . .
N . .
i, L, YA . o,

and the discretization of te into increments .t
yrelds

AL(Te) “
T(te - 3t) =T+ — 1 Fi0
o . F'{0
AiTelAp(Te)

With both T, and T(te - At) known we extra-
polate {21) back to t = t, - 22t to determine
Tite - Cat). Continued exprapolation of (21)
oack to t = 0 yields a value of T(o) that will
generaily be different from 7, determined bv (20).
LETI0 - To a new guess value of T, is selected
less than the original Tf and vice versa.

This iteration is continued until a value of

< 1s found which gives T{0) = T, to some desired
atcuracy.

The value of T thus determined will generally
be different from t‘e room temperature, which there-
by determines the discontinuity in the optimal time-

temperature path at time t = te.

p

Summary of Material Parameters*

The properties of the AS-35-0 graphite/epoxy
system used in this study are presented in Table 1.

Material Propertiess.

Table 1.
Parameter Symbol Magnitude
COMPLIANCE
Longitudinal SL .882
"Cross Effect” S17 - 160
Transverse ST‘ 6.12
CCEFFICIENT OF
THERMAL EXPANSION
Longitudinal Y - .27
Transverse ay 21.8
TEMPERATURE SHIFT
FACTOR FUNCTION
Equation (14) A 6.0
B 49.7
TIME DEPENDENT
TRANSV. COMPLIANCE
Equation (13) T .222
for 0 < log t < 5.8 {D? .618
- q .00667
For U< logt <84 {D? .506
q L0217
log t < 8.4 {01 .305
q .048

in Table 1, all complrances are tn 197 ps*’
395 in °K, DOy is 1n10~6 psi’l min. ™ and Tt

. O't
in minutes

* To check the fabrication process of our speci-
mens we detenmine?texperimentally the values of £, ,
ET as well as o Y Our moduli were slightly
higher th?g those recorded 1? literature. We also

found v YL e 233 5 ksi + 'U a5 89 kgt as com-
pared th 218.4 ksi and 5.31 ksi, respectively.



Experimental Determination of Curvatures

Unsymmetric 0°2/90;2 6" square plates were made
from AS-3502 graphite/epoxy material. These spe-
cific dimensions were selected in order to obtain
thermal strains and consequent out-of-plane deflec- 100 3\
tions which were sufficiently large for ease of
measurement, and yet small enough relative to the
plate thickness to maintain the validity of the
xinematic assumptions of classical plate theory.

Twenty such panels were manufactured and
measured. These panels were divided among five
groups., each group Jndergoing its own cool down
history from cure temperature to room temperature. 00{

Temgeiature (°F)
y
(=3
o

@ -ememeeoeetT

These time-temperature histories are shown in ¢ b e
Figures £ and 3.(Note that in fig. 3 the time is
given in nours, while in Fig. 2, which shows the
fast cooling-path "A", the time {s in minutes.) o . s - 9
Upon cool down the curvatures of the plates T.me (hours)
were determined by securing the plate-specimens
to three fixed supports which defined a reference
p\qne. The deflections of the plates relative to Figure 3. Cool-Down Paths "B" thru “E"
tnis reference plane were *hen measured using dial
qauges.
In vrew Of the last two Of equations {4) we The locations of the points where w was measur-
hace ed on the surface of the plate are shown in Fig. 4,
where all distances are in inches.
y
T G (28) ]
Sox R
’ ®.-252% pio25) 125250
|
The measured values of w thus enable use to 3 @-1818) 8015 ®(1518)
calculate K and K . The curvatures were cal- !
culated both with 4nd without the assumption that {
K= =K - |
. P |
|
: » ) —— x
2850 150 Qo 150 250
1? (-5 '8 @10 1% D(15-15)
® 2525 ®i0.-2%) 25-2%e@
!
3 3

Temperasture (°F)

Figure 4. Location of Points where
Deflections were Measured

Computations

The computations performed in this study were
aimed at two purposes:
1. To compare experimentally determined cur-
vatures to those predicted by (12) employ-
ing the paths A-E shown in Figs. 2 and 3.

"3 S ]

Time (minutes)

Figure 7. Cool Down Path "A"

adh




2. To determine the optimal time-temperature
paths that will minimize the curvatures
for cooling times of 50, 100, and 200
minutes.
A1l calculations employed the material prop-
erties for the AS-3502 graphite/epoxy system.

Results

in order to assess reproducibility and data
scatter several plates were cooled down aiong the
same time-temperature path. We therefore had 9
samples cooled along path "B", 2 samples along
path "C" and 3 samples in each of the remaining
cool-down paths "A", "D", and “E", for a total of
20 samples.

Unfortunately, the relatively thick 24 ply,
6" square plate presented an unforseen problem.
It appears that the thermal excursion from cure to
room temperature gives rise to stresses that are
close to the transverse strength of the laminas,
thus making them highly susceptiole to fracture.
In fact all of the samples except those cooled
according to path £ contained cracks.

Table 2 contains the measured curvatures as
weil as a list of the number of cracks detected in
each sample. The table contains also the theo-
retical curvature computed according to egquation
(12). In all cases the cracks occurred along
directions paralled to the fibers. The differ-
ence in the magnitude of K ang K _can be attri-
ed to the uneven number of*cracks’in the 0° and
90° plies. Oue to this uneveness it was found
worthwhile to employ the average of K_ and K
(K, in Table 2) when making comparisoﬁs to tke
théoretical curvature.

[t may be noted from Table 2 that the effect
of the cracks is to diminish the magnitudes of
the observed curvature to values lower than those
predicted by equation (12). With increasing
number of cracks, the discrepancy between observed
and theoretical curvature is found to increase.
The samples containing few or no cracks (i.e.,
samples 4, 12, 13 and 14) had average curvatures
w#hich were very close to those predicted by (12).

n Table 2 there seems to be no obvious re-
'ation between the cool down time and the number
J)f cracks obtained. This 1s most apparent by ob-
serving that the samples in the 12 hour cool Jown
path D contain, on the average, more cracks than
the samples in the 4 hour cool down path B.

[t 15 quite possible that the cracks were
caused by the fabrication procedure. When a
sample is layed up, a cork dam {s placed around
it to keep the resin from flowing when it is in a
nearly liquid state 'mmediately prior to cure.

It wat noticed that the sampies in cool down pro-
files A, B, D and E cracked when this cork was
removed from the edge of the samples. Apparently
the camples were so close ta faflure that even

the small amount of pressure applied in removing
the cork sufficed to propagate the cracks. To
circumvent this factor we placed a teflon sheet
between the cork and the sampie when employing
cool down profile C, which allowed these plates to
be effectively separated from the cork dam without
the formation of any cracks.

To get a better understanding of the effect of
the cracks on the observed curvature, cracks were
purposely induced into one of the uncracked
samples {sample 14) and the subsequent change in
curvature was recorded. Table 3 contains the
rumber of cracks in sample 14 with the resulting
average curvature. Also included is the fraction
of the uncracked curvature measured orginally.

The number of cracks in sample 14 versus the
fraction of the uncricked curvature resulting from
those cracks is shown in Fig. 5

In order to salvage as much information as
posstble from the flawed specimens we employed the
results depicted in Fig. 5 to retrace the un-
cracked curvature of the specimens in cool-down
profiles A, B, D and €. These retraced uncracked
curvatures are presented in Table 4, where the
theoretical values predicted by equation (12) are
Yisted for purpose of comparison.

Table 2. Experimental and Theoretical Curvatures.

] ] Ky ———KJT— Ky K {Theory)
Sampie  Cool Path  No. Cracks < —
G ey ey Ty
1 A 17 .0218 -.0158 .0188 .0249
2 A 13 .0186 -.0178 .0182 .0252
3 A 13 .0190 -.0218 .0204 .0253
3 ] 5 L0211 -.02N .024) .0250
) ] 10 .0194 -.0236 .0215 L0241
6 8 10 .0209 -.0213 L0211 .0243
7 8 8 .0200 -.0178 .0189 L0281
8 8 7 .0247 -.0164 .0206 L0234
9 B 16 L0221 -.0138  .0179 .0243
10 8 3 .0278 -.0207 .0243 .0247
iR 8 12 .0204 -.0218 .02n .0240
12 B 12 .0151 -.0247 .0199 .0246
13 C J .0274 -.0226 .0250 .0252
14 C 0 L0272 -.0226 .0249 . 0256
15 D 13 L0175 -.0208 019 .0247
16 0 16 .0183 -.0215 L0199 0247
17 D 30 .0147 -.0173 .0160 .0241
18 £ 8 .0233 -.0202 .0217 .0243
19 £ 7 .0237 -.0210 .0223 .0252
20 £ 9 .0220 -.0223 0221 .0249

e



Table J.

The Ertect ot Cracks n the Cyrvature ot Specimen [4,

Number of Cracks KA (ln 1) Fraction of Uncracked K
0 L0249 1.
3 L2139 .960
5 L0240 .964
7 L0227 .912
R SJ225 .904
19 L0203 .81
12 206 827
14 L3194 L7179
1o L017h .707
18 L0178 .703
22 0165 .b63
27 L0156 627
Tabla 4. Retraced-Experimental Turvatures and
Theoretical values
Specimen Predicted K \Ln—l) Theotetical K (ln "
L0252 Jia9
N AN 1282
3 NVAT 1293
B .02¢9 0250
5 22 0241
6 L0243 0243
7 .0248 U261
3 L0257 0234
9 .0242 0243
10 L0261 L0247
11 .0228 0240
12 .0255 0246
15 .0239 L0247
16 L0270 L0247
17 L0259 0241
18 .0240 02413
19 L0242 0252
) L0249 L0249
The average of the quantity hKy for each cool down
T — path is listed in Table 5 together with the corre-
W ™. sponding theoretical value of hK.
\\i\\\\ Very good agreement exists between this average
o L N observed hKy and the theoretically predicted value.
. ‘\\\\\ Discrepancies range between 4% for cool down path
i ¢ Tt— D and less than 1% for path B. Note the general
o T———— agreement with viscoelastic predictions, as compar-
Z ed with up to 12% departure from the linear-elastic
st + 3 : 3 = - — result.

Number )t Cracks
Fraure 5. Fraction of Uncracked Curvature Versys
Number of (Cracks for Sample 14.

7o exclude the effects of variation of pla‘e
thickness which occur from sample to sample we
consfder the dimensionless quantity hk *

-

* Equation (12) shows that hKX remains constant for
each specified cooling history.

The optimal time-temperature path was calcu-
lated for cooling times t¢ = 50, 100 and 200 min.
using equations (20) and (21) and the {terative
scheme outlined in (23).

The three optimal time-temperature paths
calculated are presented in Fig. 6 along with the
recylting time-dependent curvature predicted by
{12). Discontinuities occurred at t = O and

ta te, with a nearly linear path during H

t(.\t‘o. :
Figure 7 presents the optimal curvature versus

the logarithm of the cool-down time te (ts in

The elastic curvature calculated using

minutes).




Table 5. Comparison between Averaged hK, and Theory.

Theoretical hKy (in/in)

Pach Measured ind Adjusted "K (in/{n}
Viscoelastic Elascic
A L00167 £ 00006 .00169 .00186
B LODL62 ¢ L 000LY .00163 .00184
L0160 & .00002 .00162 .00186
0 .00167 t .00011 .00160 .J0186
E 00156 = .0000& .0U159 .00186

. ~ ot
o
- ~ . 1 H
~ H
[
R — . .~
Figure 6. Optimal Time-Temperature Paths
with Resulting Time Dependent Curvatu-e.
2019 ¢
Elastic Vaiue
J018¢
s VOITH
£;
¥
2 oot
2
=)
O
Q015}
0014
o] 1 2 3 4
‘09 t, (1, n Mmingytes)
Figure 7. Optimal Curvature versus Log t,

{7}, is shown in dashed line, As expected from
viscoelasticity, longer cool-down times yield
greater stress relaxation with a subsequent reduc-
tion of the optimal curvature.

Concluding Remarks

This paper presented an analysis and experi-
mental results of the effects of viscoelastic
response of composite laminates during the thermal
cool-down stage. Although we must view the present
data as preliminary, it provides encouraging
evidence that the above-mentioned effects are
detectable by direct measurements. Somewhat
fnadvertently, the fracture and failure which
persistently occurred in the experiments, indicate
that the residual thermal stresses are of severe
magnitudes and must not be ignored in laminate
designs.

Further studies, based upon this paper are
currentiy in progress.
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A RAPIDLY CONVERGENT SCHEME TO COMPUTE MOISTURE PROFILES
IN COMPOSITE MATERIALS UNDER FLUCTUATING AMBIENT CONDITIONS

by

Y. Weitsman*

Abstract

This paper presents a highly efficient numerical scheme to compute
the moisture distribution in composite materials and adhesive joints
under tire varying ambient relative humidities and temperatures. The

moisture diffusion is assumed to follow Fick's laws. It is shown that by

appropriate switching among the various forms of the analytic solutions,
all involving infinite series, it is possible to attain extremely high

accuracy by means of a meagre number of terms.

An example is provided to illustrate the method.

*Professor, Mechanics and Material Center
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BASIC CONSIDERATIONS

Consider a moisture sorption process that is described by the

classical diffusion laws. In the one dimensional case we have

2
=2
2

Mmoo 2% (1)

ot ox?

to which we must attach initial and boundary conditions.

In (1) m = m(x,t) is moisture content, x is the spatial coordinate,
t is time and D is the coefficient of moisture diffusion.

It has been observed (1] (2] that the eqguilibrium moisture content
depends on the ambient relative humidity, and we shall also assume that
the boundary conditions are determined by the same quantity. Further-,
more, ithe moisture diffusivity was found to be most sensitive to tempera-

]. Several empirical relationships were proposed, and we

R (2)
O exp(A/T, = A/T) (3)

In (2) and {3) M is the equilibrium moisture content, r the
ambient relative humidity, T the temperature, TR the reference temperature
and A, C, o the material constants.

(5] (6]

In accordance with previous analyses we can uncouple the
process of heat diffusion from all other time-dependent material processes,
e.g. moisture-diffusion or stress-relaxation. This simplification is
Justified because for all practical temperature fluctuations and geometrical

dimensions the time required to reach thermal equilibrium is several orders

of magnitude shorter than the time-scales for moisture diffusion or for

relaxation response. Consequently, we consider spatially uniform temperature




profiles, namely T = T(t) as prescribed by the fluctuations in ambient

temperature, when analyzing transient moisture diffusion.

SYMMETRIC EXPOSURE

Consider an infinite plate of thickness 2L. Let - L < x <L and
assume an initial uniform moisture distribution m- When the plate is
exposed to an elevated ambient relative humidity the boundary moisture is
given by u, namely m(x =+ L, t) = u. Due to the symmetry of the present

problem it suffices to analyze only the region 0 < x < L.

For constant p the moisture content m(x,t) is given by well known
expressions [71 [8]. Since we aim at extending those expressions to the
case of fiuctuating u(t) and temperature T(t) we choose to represent them

in the following form

mix,t) - mOIO(x,t) = I(x,t) (4)

The functions Io(x,t) and I(x,t) take two alternate forms

C{x,t) 1 - C{x,t)
Io(x,t) = {or ,  I{x,t) = [(or (5)

1 - E(x,t) E(x,t)
In (5)

2
Clx.t) = E (-1)"! cos(p x/L) exp(-p t*) (6) 7
n=1
and
E(x,t) = ()™ ferfe (4Ll Xb g appe (2 L E X/LN(T)
2/t 2V/Er

n=1

with P, * (2n - V)u/2
* 2e (8)
and t = Dt/L




The complementary error function erfc(z) decays rapidly with z.
Its asymptotic value is given by (9] erfc zm(/ﬁ“z)'l exp(-z7)
consequently, for computational precision of O(]Oylﬁ) - as obtains in
“goutle precision” routines in digital computers - we can set
erfc ¢ = 0 for o > 5.877. In the sequal we shall designate this number
by 4.

The rapid decay of erfc z implies that series (7) converges
rapidly for short times. On the other hand it is obvious that series

{6) converges rapidly for long times. To achieve computational

efficiency we should therefore switch among the two forms of equations

(5).
16
Straightforwdard arithmetics yields that accuracy of 0{(10 )} is

maintained by the following set of rules

2 2

i -] i . . . .

for T < t* < oy | use terms in series {7) (9a)
2
*
for %7, <t o« L use five terms in series (6) (9b)
92

for ~—Jl~———vz e —-£l~——~«y use i terms in series (6) (9¢)

(2i + 1) (2i - 1)

In (9a) and (9c¢) 1 - 1, 2, 3, 4. Also Q = 14.93 and » = 5.877.

For t* > ( the moisture distribution is uniform to within
oy,

[t follows from {9a) that we never need more than the four follow-

ing terms in series (7):

erfc l.’_f;/ L. + erfc J__'Lﬁ_/_l: - erfc _3‘_...)(_[_[‘_ - erfc §.L¥A
2/TF 2/t 2/t% vt

It can be noted that the form of expressions (9) remains valid for

any desired accuracy ¢, except that ) and Q depend on «. Obviously for

! "

M | .
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a smaller accuracy we require even fewer terms in (6) and (7).
Consider now the case of fluctuating temperatures, T = T{t)}. In
view of (3) the diffusivity D is now time dependent and the non-dimensional
time t* in (8) becomes a complicated function of real-time t. However,
if we consider t* = DRt/L7 at the reference temperature T = TR then in

(10]

*
analogy with thermoviscoelasticity we can replace t with the reduced

*
non-dimensional time ¢ whenever T = T{t) as follows

£ 0

t
oo R fexp[A/TR-A/T(s)]ds (10)
0

L

The moisture distribution under fluctuating tempe.atures is given
by (£4) with t* replaced by {*. In view of the single-valuedness of
s i*(t) it is always possible to convert the results back to real
time t.

Consider next the case of fluctuating ambient relative humidity

r = r(t). By eguation (2) this implies i Y wnen o a{t)y and T = T{t)

equation (&) yields, upon employment of the superposition integral

, % t * *
mla,t) - mOIO(x.' ) = Tlx,w (e - o () 0 ()d: (mm

Equation (11) must of course be evaluated numerically.

NOM-SYiETRIC EXPOSURE

Consider now an infinite plate of thickness L whose faces x°0 and x=L
are exposed Lo different relative humidities which fluctuate independently
of cach other. WUe ~till assume that all temperature fluctuations are

spatially uniform within the entire plate.




)

The solution to differing, but constant boundary conditions
m{o,t) = u® and m(L,t) = “L with null initial moisture m{x,0) = o can

be expressed as follows

* L *
m{x,t) = u® Ho(x,t ) + u™ H (x,t ) (12)
with
* *
So(x’t ) SL(X)t )
* *
Ho{x,t ) = A{or HL(x,t ) ={or (13)
* +*
Uo(x,t ) UL(X,t )
In (13)
* ? - ] g X *
So{x,t ) = 1- %- = ﬁs1n—{L-exp( -nfu’t )
n=1 (]4)
* 9 = q._x .
S ot ) Lty s inexp(-ntx)
n=1
* X/ * *
Ua(x,t ) = erfc (=) + Vo(x,t )-Wolx,t )
2/T*
(15)
, . 1-x/L * *
UL(x t ) = erfc (-=) + VL(x,t ) - WL(x,t )
2

The functions V and W in (15) represent the following infinite

|

i series
: Vu(x,t*) = :E:: erfc (‘n:;i}>

ol ZL (_M m) (16)

v (o) Zor (’”” VL)
wL(x,t,*) Ze (2"i;?:€£_>

"
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In (12) - (16) t* = Ot/L" and q, = ni.
Expressions {14) are available in the literature [8], while (15)

is obtained by means of a straightforward Laplace transform and inversion

method.

Maximal efficiency in evaluating H, and tl, is again obtained by

L

switching between their alternate forms given in (13) and detailed in

(14) - (16}, because (14) is efficient for long times and (15) is advantageous

16
for short times. for instance, for an accuracy of 0{10 ) we never need

more than four terms in each of U., U S, and SL as listed in Table 1 below.

L,

For a lecser accuracy the number of terms is of course smaller.

e e e N
Range | Largest Number of Terms in Each Series Total Number
g v v N h S S Terms
o N ° L ; L lin (17)
= .
ot <3 0 0 0 0 0 0 2
b — e e b e
) ] ] 0 0 0 0 4
() e 1 ] 1 1 0 6
‘\:}7‘. ) t ‘ ( A ) O
== —em s e - — e e - —mem e
| e 2 ? ] } 0 0 8
5
P‘***" _-7; "” ) - A S E ——1
Mot B 0 0 0 0 i i 23
(i) i
(1-4,3,2,1,0)
N S SRS

Table 1: Number of Terms Required in Various ) |
Truncated Series to Attain Accuracy of 0(107'®) in
Moisture Profile (15,877 , R = 16/+7 log e)

- . s L . .
Far fluctusting boundary conditions u°(t) and ¢ (t), and with varying
*
temperature T(t) we ennloy the reduced time ¢ given in (10) and a superposition

integ-al analogon, to (11) to get




t of -
m(x,t) ~/. {Ho[x, ft) - ()] dﬂaé;l

0
1
O GEITRE } i

THE_NUMERICAL SCHEME
To compute the moisture m{x,t) we divide the time-span of

into n, not necessarily equal, sub-intervals. Thesc intervals

...n) with t, ~ 0 and t, =t should be selected in

f
that both the ambient moistures ;°(t) and UL(t) as well as the

T(t) are represented to within a satisfactory approximation by

*
case” functions

L L _
L“(t) = dis e (t):}i]) T(t)~T1
for
tig < Lot (i =1, 2, .n)

Note that in the symmetric case y =

Lenote 9, - oxp(A/TP - A/Ti)

then (i0) yields

. Dy o
k=1
Theret,

I

* _ {_* r* ”R N

SN B [;L U - bl g
e

() = 0,7, I 1, 2, )

* Obviously, only one arbient moisture ;(t) is involved in
the syrmetric case.

-f-

interest tf

ST B
a manner i
temperature

the “stair-

(20)




The integrals (11) and (17) are now represented respectively by the sums

i

* *
m(X9ti) = mOIO(X’Ei) + (UJ' - “j_]) I(x’()ij) (21)
J=1
and
1 >,
m(x’ti) = [(”j - Uj_l) Ho (xaC]J)
‘o 22)
=1, L L * (
+ (“J - UJ_'I) HL(X’[)‘EJ)]

Expressions (21) and (22) remain valid for any interradiate time
£i wnere ti—] < Ej < ti’ provided we substitute the value of ii in place
of t in {19) and (20) as well as in {21) and {(22).
Computational efficiency is achieved by switching between the two
alternate forms given in (5) and (13) which is accomplished by testing the
*

>
ranges of £ and Cij according to rules (9a) - (9c) or in Table 1, respect-

* * *
ively. GCbviously s and (ij must replace t in equations (9) and in Table 1.

A NERICAL SXAMPLE FOR THE SYMMETRIC CASE

7o illustrate the method we consider the case of a sixteen ply
5208/7300 graphite/2poxy laminate with L = 0.04". For this material
DR = 1.5019 x 10'8 in:/min and A = 6340.

The composite laminate was considered to be exposed to fluctuating
ambient rciative humidity, which is reflected as a fluctuating boundary
moisture 1, and to fluctuating temperatures.

Two cases were considered. In the first case both the ambient RH
and temperature fluctuated in phase while in the second situation the
fluctuation was vut of phase. Specifically, in both cases the ambient

moisture content fluctuated between 1% weight-gain and 1/2: weight-gain

every 5000 minutes. In case 1 the temperature varied from 350°K to 297°K




every 5000 minutes while in case 7 the temperature fluctuated between
297°K and 350°K with the same frequency of 5000 minutes {but out of phase
with the moisture). Case 1 is shown by solid lines and case 2 is marked
by dashed Yines in I'ig. 1.

The results, exhibited in Fig. 1., show the variation of moisture
Jevel with time at a station located at x = 0.035".

Note that sharp slopes in m{x,t) vs. t occur during the high-temperature
time intervals. Consequently the in-phase case approaches the saturaticon
level of m(x,t) = 1%. Conversely, for the case that peak levels of
T(t) and p{t) are out of phase the moisture level at x = 0.035" approaches

0.5%. The details are shown by the heavy Tines in Fig. 1.

Figure Title:

Moisture Levels at x = 0.035" vs. Time in a 0.08" Thick 5208/T300
Graphite/Epoxy laminate That is Exposed Symmetrically to Two Cases of fluctuating
Ambient Relative-Humidity and Temperature.

Case 1: R.H. In-Phase With Temperature

Case ?2: R.H. Out-of-Phase uWith Temperature

-10-
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ON CONSTITUTIVE EQUATIONS FOR VISCOELASTIC
COMPOSITE MATERIALS WITH DAMAGE* j
R. A. Schapery
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Civil Engineering Department
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College Station, TX., 77843

Abstract

Three~dimensional constitutive equations are derived for viscoelastic compo-
site materials with time-dependent damage. Starting with the assumption that the
material is linearly viscoelastic when the damage is constant and that the damage
consistys of flaws as characterized by internal displacement discontinuities, we
investigate the effect of time-dependent growth and healing of these flaws on the
global stress-strain equations for materials under transient stresses and tempera-
ture. Prediction of flaw growth itself is then discussed. Some concluding remarks
pertaia to the characterization of nonlinear viscoelastic materials including the
efrfect of damage.

Introduction

The thermomechanical response of many materials is significantly effected by
the development of micro-flaws. With viscoelastic materials the current state de-
rends on the history of this damage, and therefore the overall material response
may be much more complex than for elastic materials or for viscoelastic materials
without damage. Another complication results when the previously developed flaw
suvfaces rejoin and thereby produce an increase in material stiffness; the inter-
face contact depends on the history of flaw development and global thermomechanical
inputs.

Purticles, fibers, and lamina interfaces usually serve as both micro-flaw
sources (partly as a result of local stress concentrations) and as arrest points
atter locoal stable or unstable growth. Therefore, composite materials having a
brittle or weak matrix may undergu a considerable amount of global softening prior
to overall fracture. Considering the complex microstructure of these materials,
one mayv expect that any realistic global constitutive equation which accounts for
damage will be extremely involved. However, as shown in this paper, it is possible
to rigorously develop explicit, realistic equations by accounting for certain sim-
plitving features of many composites, such as a matrix that is relatively soft com-
pared to the reinforcing material. The approach followed here is much more general
tian used previously for a particulate composite under uniaxial stress (Schapery,
19744); but Jyor uniaxial stress and without rejoining of flaw surfaces the present
cevations take the sane form as the carlier ones.

Thasouch as the purpose of this paper is to help provide a basis for discussim
at the Workslhop by describing the writer's approach, we shall not attempt here to
review relevant work of other investigators. 1Instead, it is hoped that the Workshop
wil] serve this purpose.

*Prepared for presentation at the National Science Foundation Damage Workshop,
Cincinnati, May 4 - 7, 1980




Linear Viscoelastic Constitutive Equations with Damage

Consider an isotropic or anisotropic composite material element. We assunme
that it is globally homogeneous with or without damage; i.e. the scale of stress/
strain nonuniformities due to any physical source (cracks, voids, particles,
fibers, etc.) is assumed small compared to the size of the material element. We
further assume that the material is linearly viscoelastic except for damage.

Using single index notation for the global or average stresses, oy, and
straians, €1, (Sokolnikoff, 1956), general linear relations between these variables
and a uniform temperature change, AT, may be written in the form of nereditary
integrals,

e; =80 b+foaTh 4 3=1...06 (1)

where the braces are abreviated notation for a hereditary integral; viz.,

t
bssb s [ s 2 )

o]

and a repeated index is to be summed over its range. We suppose that € = 04

AT = 0 for t<0; the lower limit in Eq. (2) is 07 rather than 0 in order to allow
tor step-function inputs at t = 0. Fach quantity S;; = Sij(t,r) is a "creep com-
pliance,"” which is equal to the strain ¢ at time t due to a unit value of stress
0j applied at time t. Similarly, the thermal coefficient aj = aj(t,7) is also a
creep compliance since it is the strain e; at t due to a unit value of AT applied
at 1. 1If all of these compliances are functions of the time difference t - 1,
instead of t and 1t separately, the material is said to be "nonaging;' otherwise
"aging' exists. This aging may be the result of one or more processes, including
chemical reactions. However, we assume the compliances do not depend on stress,
and therefore damage is not yet included.

The damage to be considered here consists of surfaces of internal displace-
ment discontinuitics as defined by a set of discrete parameters up(m = 7, 8, ...,
N). These quantities represent the three components of relative displacement
(vpening and sliding) at as many points on adjacent internal surfaces as needed to
accurately represent the relative movement between all material points which were
tosether before the damage occurred. all surfaces which develop during the time
period of interest are to be included. The resultant force acting between a pair
of these points prior to complete separation is denuted by three components frne

This procedure of modeling the traction and relative displacement distribu~
tions along current and future sucrfaces of displacement discontinuity by dis-
plucements and forces at discrete material points is, of course, what one would
folivw in a {inite clement representation of the entire material clement. However,
we do not require that the continuum itself be represented in this fashion.
Rather, it is assumed only that the continuum is a linear viscoelastic (aging or
nonaging) material.

There is assumed to be a thin layer along the surfaces of flaw prolongation
in which all large strains and nonlinear material behavior exists. This is the
same assumption used by Schapery (1975) in deriving e¢quations for predicting speed
ot individual cracks in linear viscoelastic media. The mechanical and failure
behavior of this thin layer is defined by the N-6 functionals,

f = F(un,t); m,n = 7, ...N 3)

m

expressing the forces between adj o ent material points at the continuum boundary
on each side of the thin layer of nonlinear, failing material as functions of




— —

displacement history and possibly time (to account for chemical aging, diffusion of
liquid at crack faces, etc.). In predicting global mechanical behavior we shall
neglect flaw-edge details and simply specify that either a force is zero €.g.a free
crack surface) or else the conjugate relative displacement is zero (e.g. a point in
the continuum ahead of a crack tip). Other, more general cases could be consider-
ed, including friction between crack faces, pressure of fluid in cracks, etc.; but
for now this simplification will be used. Later we shall briefly consider the
effect of subsequent contact between the faces and healing. It is proposed to use
more detailed behavior at each flaw-edge as given by Eq. (3), in order to predict
their initiation and speed.

It should be emphasized that crack growth is zontained in the following
analysis as only a special case, and not the only case. Local failure at isolated
individual or groups of points is taken into account. In principle, therefore,
phenomena such as failure of individual fibers in a fibrous composite, groups of
extended polymer chains, and rubber matrix material between near-contact points of
hard particles in a highly-filled rubber can be treated. For example, in the
latter case some of the forces f would represent forces acting between particles at !
the points of near-contact, and the rubber between any pair of these points would !
be characterized by one of the functionals in Eq. (3).

Let us now write cut different forms of the linear viscoelastic constitutive i
equarions for the continuum by starting with the generalized form of Eq. (1) in ;
which global strains ¢y and internal forces f are expressed as linear functionals i
of global stresses o, relative displacements uy, and temperature change: !

;
T
!

{sijbj} +{s, u |+ {a,aT} (4a)

. . . I
S g.t +{15 u tin AT 4b
m { anGJ* * znnln} { m[ } (o) :
When all u, are zero the material is by definition undamaged and Eq. (1) is re- {
covered {rom Eq. (4a); the compliances Sj; and «; in Eq. (4a) arec the same as
those in Eq. (1). Another useful form of these rclations is i

Yy = {Lijij‘~+{hinun§ i {BiAI * o
f = C - ¢ y — T Gt
m { mjgj}+{ mnnn% {BmAT} (
where Cij defines the functionals which are the inverses of those associated with
S'L'l; \'i'.’..,
= 1S, 30, ¢ = f
e T S 1t h=1,...6 (h)
whivh reduce to relatieons of the type in Ha. (26). The remaining kernels ¢, , &
ete., obey similar relations; e.g. m !
- {smun* = }sij ;('jn“n}} (7)

The functions C;; define mechanical behavior in the undamaged state (un = 0). They
are called relaxation moduli as they are the stresses due to unit strains applied
at t = 1. In general, we shall refer to all kernels or material functions in
Eq. (5) as relaxation functions.
, Next, we shall order the forces f such that m increases with increasing time
of local taiiure, where the time of local failure is defined to be the time at
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which £, first vanishes when ug # 0. Inasmuch as both normal and shearing forces
are included in the set f and failure may occur at more than one point at a given
time, the number of discrete failure times will be less than the number of nodal
points.

With this in mind, suppose that tK(K =1, 2, ...) is the Kth distinct failure
time, where f9 = fg = ...fx = 0, and all material points corresponding to k + 1,
k+2, ... N have not yet failed. As discussed previously, we shall predict global
response by neglecting the effect of a partial local failure (f, up # 0).

Write out Eq. (4) for this state at t = ty:

€ = gsijaj; +;sipup} + {aia%; (8)
0 - {quaji * {quhp* ¥ {an%f )
o {Srjéj} ¥ {Srphp} ¥ {.urAﬂ 110y

where

P, q =17, 8, ... k

(1D
r=k+1, k+2, ... N

Equation (9) provides a set of k - 6 equations from which the k - 6 values of u
may be found. Substitution of these displacements into Eq. (8) then yields the
desired global constitutive equations for the damaged material.

In order to obtain some explicit results we shall introduce a certain
simplification which is applicable to many composite and monolithic materials;
this point will be argued following the analysis. Referring to Eq. (5), we assunme
that all relaxation functions are proportional to a single relaxation modulus,

E = E(t,T), for uniaxial loading (sav),
E E
c,=¢" = , B =8 — (12)
ab ab hR a a ER

where a4, b =1, 2, ... N, and EK E ER(LR, 1p); the modulus fFp is a constant (the
modulus at reference times ty, TR) which is introduced so that the dimensions of
the constants C;b and B; will be the same as the original relaxation functions.
Suhutitvte Eq. (12) into Eq. (5) and obtain a set of equations for an "equivalent"
elastic material,

2 34 e
o, =% 7 + ¢y - soaT (13a)
i ij j in'n i
0. €
= ¢ e b o uf - geaT (13b)
m mij j mn m
where
e 1 - e 1 . e 1 .
- —1{E z AT T — {EA
G R AN e {ru t . o1 P {eat} (14)

After replacing all strains, displacements, and temperature change in
Fqs. (4) and (8-10) by the corresponding quantities in Eq. (14) only constant com-
plidnvus remain (hecause Eqs,(&) and (8)-(1”) characterize the same material
element as Lq. (13)). oObvicusly. FEqs. (R)-(10) become




where

and recall that

i,j =1, .., 6; mm=7, ..., N; p,gq=17, ..., k; r=k+1, ., N.
~1
The relative displacements tollow from Eq. (15b) and the definition [T°q]=[s°q] ,
P
ue = - T° §° - T° quTe (17)

L.
P Pq 93 ) PQ g

and substitution into Eq. (15a) yields the desired constitutive equations at the

time t = CK:
e o ) e
- + ..
€5 <Sij Asij>oj + <%i + Adi)uf (18)

where AS.. T - S° T° S° , Aa. T - S° T° a° (19)
ij ip pq qj i ip'pg q

As there normally will be a large number of points of local failure, it is
desirable to express Fg. (18) in terms of distribution functions for Asij' Thus,
lt‘t

. e .
n”(s, tf) ubdtf and n]_(b, tf) detf

b the number of material points which contribute to AS;. and bay (respectively) an

amount between S and § + dS when the local failure time 1s between tf and tf + dtf.
Hence, at the current time t,

@ t
/\Sij = / / nij(S, tf)Sdetf (20a)
— 0
® t
Ao, = / n_ (S, t_)Sdsdt (20b)
i i f f
A R

Fquation (18) can now be written as
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t t
e o > o
¢ = (sij +! Pij(tf)dtf>oj + (ni +of Fi(tf)dtf)ATe (21)

where new distribution functions have been introduced,

Fij(tf) = :ZF nij(S, tf)SdS (22a)
Fo(tp) = :[ n. (S, t;)sds (22b)

Kecall that si and ATY have been defined in Eq. (14); explicitly,

. 1 t BEi
€ = Ef‘,/i E(e, T g7 4t (23a)
R %
e 1 t AT
AT = {—/ E(t, 1) 3T dr (23b)
R &7 t

whete b is the modulus at arbitrarily selected refercnce times tg and Ty, 1t is
very interesting to observe that the constitutive equations (4) and (5) for a

vis oevlastic material with damage have, as a direct result of Egq. (12), reduced to
thowe for a linear elastic material with time-dependent properties; but the strain
and temperature histories are in general dif{event from the actual ones.

Ftreco of Flaw Clesing and Healing. Equation (21) is based on the assumption that
the torves fq are zero up to the current rime after local failure at the associated
material point occurs. However, in many cases this will not be true, as with load
recorsal and/or the application of a large external pressure. For the latter
., dnterfacial normal and shear stresses may exist. If the forces f. where
this occurs are known, we can readily correct Eq. (18) tor them. Referring to
. (15b), we sve that they will be accounted for {f the associated a? in Eq. (19)
are replaced by na - (f,/AT€). On the other hand, the flaw closure upon unloading
Will produce contact forces which depend on loading and temperature history. Also,
the fliaws mav again be capable of supporting tensile forces if rebonding occurs.
tu this dlatter case the time at which contact is established may be appreciably
1ttected by the intermolecular forces of attraction if they are sufficiently large;
icodeed, the closing rate is governed by an equation that is analogous to that for
crack growth (Schaperv, 19/0).

In order to deal with this problem invelving interfacial contact and possible
healing Tet us start with the linear constitutive equations in the form,

i {;ijdj} 4 {;in%n} + {r;im'”} (242)
. {‘%mjéj}lr{‘;mnén} +{<:zm1\1.‘} (26b)
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The material functions are different from those in_Eq. (4), of course, they can be
expressed in terms of the latter ones. Note that Sij and &i define global mechani-
cal response for the maximum amount of damage (all f; = 0), whereas S;; and aj
define response without damage (all up = 0). Let us again introduce the simplifi-
cation yiven in Eq. (12). However, rather than using modified strains and
temperature, we shall apply an equivalent modification to the stresses and forces.
First, define the mechanical creep compliance D = D(t, 1) for uniaxial loading by

e = {D{Ee}} (25)
lnasmuch as D and E are independent of strain history, we can use in Eq. (25) the
unit-step straln history € = H(t - 1,), where H (t - T,) vanishes when t < T, and
is unity when t > 1,. Fquatton (25) reduces to the integral equation,

t 3
H(t - o) = / D(t, 1) 57 F(T, 75) dr (26)
To

The lower limit is T,, rather than T,; the relaxation modulus E(T, T,) is discon-
tiruous at T = T,, and therefore the contribution from the singularity in 3g/8T
st be included. For g nonaging material E = E(c -71), and Eq. (26) may be easily
[ tave tranasrormed,

1=4DFE 27

whoete tie overbar denotes a Laplace transiorm and s is the transform parameter.
Next, detine

s | . e -1 : I
TR )Y R I F
0‘] ‘)R {l));i} , t[\ IH< {1 n } , I)R FR (28)

Cauation. (O), (12), and (28)imply Ey. (24) reduces to the equations for an equiva-

lent elastic material,

. ' ..
€= 8% ¢ 4+ STt b a®At (29a)
i 1] j in n i

A~o € »:0 -¢2 Ao .
aoo= ST o+ 8% T 4+ atAt (29b)
i mj j mn n m

Whet o S;W and 1ﬁ (with a, b = 1, ..., %) are constants,
- . D . ~ D
R ° - R
S“ S . N4 N Cl - 3
b ab D a a D (30)
Thiv choice of variables will simplity the subsequent contact analysis.

Howe o, it ds first of interest to consider an implication of Eq. (29a) when re-
written ia Lerms of c?, ATT, Oj, and f\' For a state of constant damage (as
detined b the particular set of fn which vanish) Eqs. (29a) and (21) must be in
agrvenent, regardless of whether or not the mechanical variables are constant in
time.  Thoe,
t t
./ d . d

STo= 8T+ Foo(t )de,. , at =af + F. (t )dt. 3

j Sx) 11( {) ! i i 1( f) f 3D

[ 8]
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wher ty is the time at which the constant damage state is first reached.

Now, suppuse that a constant damage state is maintained for a period of time
which is long enough tor the values of fi in Eq. (28) to essentially vanish; the
stress history need not be constant during this time.

The quantity {Df} can be interpreted as the mechanical strain due to a
uniaxial stress history o = f (t) for an undamaged specimen; therefore, the
behavior of {Dfn} when f 0 is the same as the time-dependence of strain in a
so-called recovery period. Consequently, it is necessary to assume that the
material element under consideration is such that the strain due to stress
eventually approaches zero after stress is removed; a crosslinked polymer under
constant or increasing temperature exhibits such behavior. Tf this condition is
wot mwet, then the long-time value of £€ (assuming it exists) should be subtracted

o . - . n . . . .
from £2 and the difference used in a modified version of the subsequent analysis.

IS[ us further assume that ug = 0 at all points where contact occurs; i.e.,
material points on adjacent surfaces are assumed to rejoin with the same points as
buefore local failure. In this case, the problem is completely analogous to the
problem of damage growth, in which the roles of fg and uﬁ are interchanged (cf.
Egs. (19) and (29). ©f course the order in which local failure occurs is not
necessarily the same as that for local vontact; it is not necessary to reorder fn
and up to reflect this behavior. Equation (Z9b) can be solved for all f% where
contact occurs since the uy are zero. It desired, one could then solve the inte-
ural vquation in Fq. (28) for the contact force history, fy = f,(t), using the
previously derived fjy.

[n view or the above considevations, the ¢ ‘ting constitutive equaticns will
Havee the same form as those in [ys. (21)-(23):

i}

t. “ t,
N B [ Foo(e de et o+ fa® + jF.(t ydt AT (32)
i i . iy ¢ of 3 i . i ¢ C
d d
with toe distribution tunctions
S S N j‘ n,. (S, t )SsdS (33a)
1j ¢ ij S
-0
’X“
po(e ) - jA n (5, t )sdS (33b)
i i ¢
-
vl
PR .
no (S, U Adsdt and n (S, t )dSdr (34)
1! ¢ 2 I C ¢
cte U number ol material points which contribute to ﬁSij and Aa; (respectively)
onoaronal between S oand S o+ dS when the 1ocal conract time is between tC and t. +

Comstitutive Eguation. with Combined Damage Growth and Flaw Contact/Healing. Both
et ot equations for damage growth, FEqg. (21), and subsequent rejoining of flaw
cirtaces, Fao (37), are contained in the tollowing set:

y




t
1 3 T e
D Jr D(t, 1) s ai(t, AT (1) | i+ (35)

where

T t .
Sij (v, 1)y = 5” + f Fij(tf)dtf +f X-ij(tc)dtC (36a)

" T SN
ol (¢, 1) ~ ] +_0[ P'i(tl,§dtf +_0/ Fi(tc)dtC (36hH)

In the development of the theory, the distribution functions in Eq. (36) were
assumed to vanish at certain times, depending on whether or not there was {law
cuttace contact or tae damage was constant. However, Eq. (39) mav have more
ceneral applicabilityv. 1t internal failures and contact ocoar simultanecusly at
dittereat points, and there {5 not sipniticant interd tion between these processes,
one can how that Fqg. (3% will be applic ihie,

We have not vet discussed the mathematical propertics of the variocus relaxa-
tion and compliance functions which appear throaghout che analysis.  Although they
will not be listed here, it is of dinterest to observe “lat sinee the material is

Jinearly viscoelastic for a fixed amount ot damage, - Sibrium and noneguilibrium
) q
thermodynamics provide considerable explicit infermati o vl Fung, 1900

Scnopery, 1964). For example, S I sv

i ) L S )
L trie and pesitive definites Moreover, tie
torm oo e (1) ds osuch that mate

rial s
. . ] , . ,
ity theorv. Aiso, throupgh the integrals tor danape and ceontact eftects in
), a material's svmmetry can change.  For example, without damage the

I ay be isotropnic gdS Fh&rictvrizwd by 87 and =iy, 10 flaws develep into
lar pattern (e.g.. on arrav of parallel cracks), se as to produce an ortho-

tropic material, say, the Jdistribution functions in Fg. (3») will possess the sume
tran-iormation properties s linear elastic modull of erthotrepic materials.

ctry oregnirements may be gasily o intro-
Indeed, restrictions on S

——

and ai car:y ever lirectly fron linear

The eftect of temperature oo mechanical properties is included in the present
thearv. PFor example, with constant or transieont temperatures the aging torm of the
viaricus material functions (e.g. D(t, 1)), permits us to introduce thermorheclogi~
catle o«

POty is accemplished through an appropriate choilee of DOty T).

imple behavior, as well as other more invalved hehavier (e.g. Schapery,

Ac the tinal motter in this secrion, ot ng stder the basis forvr Fa. 12).
Aosame the composite material consists of alv o wiscaelastic phase.  Further-
core, suppose that this phase 15 isotropic o bas a timewise constant Poisson's

ratico and thermal expansion coefficient, whicihi i 4 yood assumprion for many
material o Cichapery, 19740) 0 The other phases are asaumed to he either relatively
very rivid oor sott (holes and erack=).  Then, ¥q. (12) can be established divectly
trom Jimencfond] analvsis. Tt the compesite contains continuous and straight,
Sttt fitors, 1t is not necessary to introdoce the severe assunption that theiv
cxial mehicdig i dintinite.  Hather, the tre oo 7 in Fq. (13) can be redetined (&

and O, noeditied accordinglvy so that 1t does not inciude the axial force in the

) [ . .. . ) ) ) )
tilhers: th - s vt o hreken titera de ccide poed o ted By means ot this oo U ined

stress.
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Stochastic Models of Microcracking and Failure

The constitutive relations, Eq. (35), are expressed in terms of distribution
functions for the time-dependent number of local failure and interfacial contact
sites. These functions in turn depend on the stress and temperature histories, and
in this section we shall briefly review the writer's approach to the prediction of
this dependence as well as the prediction of global failure.

Analysis of Microcracking. First, it is noted that in principle the failure and
contact processes can be predicted from Eqs. (13) for the continuum (or the more
general set, Eq. (5)), together with local constitutive equations for the material
at the failure sites. However, considerable simplification is needed for real
materials considering their highly complex microstructure. We treated this prob~
lem for local failure in past work (Schapery, 1974 a, c¢) by applying viscoelastic
crack growth theory to isolated preexisting flaws; based on experimental data,
crack speed was assumed to obey a power law in the local stress intensity factor
for the opening mode of growth. Typically, these initial flaws are predicted to
become unstable with very little growth. Therefore, their influence on global
response was neglected until the time of instability (local failure). The global
softening effect was taken into account after an assumed period of rapid growth and
arrest. The analysis, including consideration of the statistical distribution of
initial flaw sizes, microstructure geometry, etc., results in the prediction that
global softening functions (such as F,. and F ) depend on only the current Llebesgue
norm of stress. With later consideration of mixed-mode growth and growth-
retardation effects due to large strains, a generalized damage parameter was pro-
posed for isotropic media under global proportional loading (Schapery, 1978),

- ft 1O d '
Lf(t) = w(t )Hp dt (37)
o]

wvhere q and p are positive (and typically >>1). W(t) is a positive function of time
through dependence on local fracture energy, temperature-dependent material param-
eters, chemical aging, etc. The stress o and strain € are global variables. The
use of total strain was based on solid propellant data, although other integrand
variables (e.g. strain due to damage) may be more appropriate for different materi-
als; but use of a function of L, itself as a factor in the integrand has no essen-
tial effect on Eq. (21) because Eq. (37) can then be solved explicitly for Lf, and
the resulting effect is identical to that without the factor.

Considerable simplification results if the distribution functions in Eq. (36)
depend on time through a single parameter, such as L.; of course, for general load-
ing conditions one would have to use at least suitabiy defined stress and strain
invariants instead of 0 and €. In this event, and assuming contact effects can be
characterized using an analogous parameter L (but with values of p and q different
from those in Eq. (37))Eq. (36) becomes ¢

T _
sij (¢, 1) = Tij [Lc(t)’ Lf('r)]
uri (t, 1) = 'rJl [Lc(t), Lf(Ti' (38)

where T,. and Ti are to be interpreted as material functions of L_ and Lc' These
functions may bé found using experimental results from mechanical tests; Beckwith
(1974) demonstrates this in which a one-dimensional, isothermal version of Eq. (35)




with damage only (Schapery 1974a) is employed using results from multiple-step creep
and recovery tests.

A similar one-dimensional case of Eq. (35), together with a damage parameter
similar to Eq. (37), was recently used by Schapery (1979) to characterize and pre~
dict the behavior of solid propellant with non-decreasing strain input under
isothermal and nonisothermal conditions. Specifically, the stress is

g = oo/Td (39)

where 0 is the linear viscoelastic stress o = {E(¢ - adT)} (without damage), W is
a functfon of temperature, and T, is a functfon of the damage parameter Eq. (37);
the strain factor was not restricted to a power law, but this form with p=q=10 fits
the data quite well. Note that by solving Eq. (39) for strain, the result has the
same form as Eq. (35). A softening function Td consistent with experimental data is

CLf/q
Td = e (40)

where C is a positive constant. Equations (39) and (40) may be used to obtain
stress as an explicit function of strain,

-1/q
o =9, [1 + CLo (41)
where
t
L sf w(t') (o /6)? de? (42)
o J, o
in which o >0, and f = f(e) replaces Ep/q. Equation (41) ﬁredicts some very inter-

esting typgg of behavior which have been reported for solid propellant. For example,
with q >> 1, L, > 0, and CL_ >> 1, the stress is practically independent of strain
history. Also) given the sPrain history in the form ¢ = ¢, g(t) and p = q, we find
o/e, is independent of €,, but the material is nonlinear; éhis type of behavior has
been reported by Farris %1971) for solid propellant at small strains.

Stochastic Model for Global Fracture. If one approximates the global failure of a
composite or monolithic material as being due to the growth of one dominant flaw,
then a relatively simple probabilistic fracture theory results by using the same
type of power law flaw growth model used to develop Eq. (37). The principal result
is expressed by the equation (Schapery, 1974c)

P (0<t<t,) = P (43)

where P. is the probability of failure, P. is the master cumulative distribution
function for creep-rupture tests or constant amplitude fatigue tests and t_ is
the final time of interest. Now, with the condition that one must set L = L

(= largest value of L up to the current time) whenever the following equation
predicts L < Lmax’ we use in Eg. (43) the expression
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t
3102/m +
L(t) = log |——— ckdo%t (44)
k
with L. = L(tT); also, B1 is a function of material properties and m and k are

constants.

This result can be viewed as an extension of the analysis of Halpin et al.
(1973) to time-dependent stresses and temperatures. The coefficient ¢ is not
necessarily constant; for example, it may depend on strain, damage, tempera-
ture, and complex frequency effects. Special cases of Eq. (43) have met with
some success with solid propellant and fibrous composites; but more study is
needed before its range of validity can be established.

Except for the first term in Eq. (44), which is often negligible, the para-
meters for global fracture, L, and for local damage, L., are essentially the
same. This is a direct result of having used for both predictions a crack speed
equation of the form da/dt..Kq, where K. is the opening-mode stress intensity
factor. Global fracture is aSsumed to fesult from unstable growth of a dominant
crack in the opening mode of deformation. Therefore, one can imagine many
situations in which this model would not apply. Nevertheless, it does provide
a convenient reference case against which more involved behavior can be compa.ed.

Concluding Remarks

So far in this paper we have considered material behavior which is linearly
viscoelastic except for damage. The problem of developing explicit nonlinear
viscoelastic constitutive equations (with constant or varying damage) which are
both realistic and useful is of course much more difficult. However, a study
of actual behavior does reveal certain simplicity which, if introduced in a damage
theory, results in equations which are not much more complicated than Eq. (21) or
(35). Consider, for example, the behavior of carbon-~black filled rubber. As a
summary of the findings of several investigators on large strain, uniaxial stress~
strain behavior of rubber, we may write (Mullins, 1969):

€ = F(cmax) g(o) (45)

where ¢ and o are "engineering' strain and stress, respectively, F reflects the
effect of damage in that it is a function of the maximum value of stress, ¢
{(considering the entire history of loading) and g(o) is a nonlinear functiogaof
stress; viscoelastic and healing effects are not included in this expression. The
coefficient F is also a function of the volume fraction of particles, but their
effect on g(o) is very small.

A generalization of Eq. (45) that contains Eq. (39) for viscoelastic
behavior as a special case may be obtained by replacing o in Eq. (39) by g(ag).
On the basis of this finding, one is lead to generalize Eq. (35) by proposing the
following three-dimensional constitutive equation for anisotropic or isotropic
materials,

€13 fL D gg
J R

(46)
1]
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where €., and o,., are suitably defined strain and stress tensors for finite
strain,IAnd W =iﬂ(o.., T, damage) is the Gibbs free energy function for an
elastic material wi% damage. Similar, slightly more involved equations have
been developed in part from nonequilibrium thermodynamics and applied to solid
propellant (Schapery, 1973). However, their range of validity is essentially
unknown as experimental data are still very limited. It would certainly be
helpful to have a good physical model which both predicts the type of simplicity
exemplified by Eq. (45) and is valid for multiaxial stress states. In this
regard, it is of interest to observe that we can derive Eq. (45) for nonlinear
elastic materials by assuming the flaws do not interact and the maximum stress
affects their growth but not the specific process involved in local failure.
Assumption of adistribution of local strengths or initial flaw sizes would re-
sult in the dependence on maximumligress, as would the assumption that the
coefficient F is a function of Lf with q + =, where p and W(t') are finite
(cf. Eq. (37)).

Finally, we note that the form of the parameters L_ in Eq. (37) and L in
Eq. (44), and their dependence on stress, are predicted from linear viscoelastic
fracture mechanics theory. Dependence of the integrand on global strain (and/or
parameters defining the global damage state) would be predicted from the linear
theory if the local fracture energy for the material at a crack tip depends on
these quantities. For example, with solid propellant there is a broad distri-
bution of particle sizes, and the material at one crack tip may contain many
much smaller flaws; thus, the damage state of the composite material could be
expected to effect the fracture energy for any single crack. Consistent with
this observation is the fact that crack speed in solid propellant becomes inde-
pendent of strain when the strain exceeds the value at which new vacoules form
(Schapery, 1979); the speed, however, continues to increase rapidly with the
stress intensity factor. The strain may affect not only the local fracture
properties, but also the nonlinear form of the energy available for driving
cracks. This latter case for large applied strains is illustrated by Andrews (1968)
with globally elastic materials and by Brockway and Schapery (1978) with visco-
elastic materials.
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ABSTRACT

A method using a longitudinally split, laminated beam specimen is developed
to obtain delamination fracture toughness as a function of the rate of crack pro-
pagation. First, the relation between energy release rate, applied displacement,
and various laminate parameters is derived using a large displacement, small
strain theory. Experiments employing glass/epoxy composites with axially
oriented fibers and of three different thicknesses aud a wide range of loading
rates are then described. Although the beam deflections and rotations are very
large, good agreement betwecn measured and predicted beam compliance is
demonstrated. The energy release rate G and crack speed @ are shown to obey the
power law G ~v &°'; essentially the same result is obtained for all three laminate
thicknesses.

INTRODUCTION

P REDICTIONS OF THE useful life for composite material components require a
comprehensive understanding of the material’s response to complex load
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Method for Determining the Mode I Delamination Fracture Toughness

histories in anticipated service environments with the presence of defects such
as microcracks, voids, and delaminations. Such defects can occur during
manufacturing or may develop in service, causing structural degradation or
failures at stresses well below the strength levels expected for defect free
material. Linear elastic fracturc mechanics (LEFM) has been developed to deal
with crack-like defects by relating defect geometry and design stress to a
material response, normally called the fracture toughness. The fracture
toughness of a material is usually characterized by critical energy release rate
G, or the critical stress intensity factor XK.

In an ideal, monolithic, isotropic material the fracture toughness is in-
dependent of the orientation of the crack plane for a given mode of deforma-
tion at the crack tip, such as the opening mode (Mode 1). However, in an
anisotropic composite material, the material response may vary considerably
depending on the plane of fracture and the energy dissipative processes involv-
ed. Work to date for Mode I has indicated K. values of 15-30 MPay'm for
center notched tensile specimens of fiber-reinforced plastic laminates [1); these
compare favorably wiith aluminum alloys often used in the aircraft industry
which have K,  values of 23-44 MPay'm [2].

Growth of interlaminar flaws (delamination) is an important part of the
failure process in many laminates {3,4). Compressive fatigue appears to be an
especially severe type of loading in producing delaminations [$,6); out-of-
plane stresses developed through compressive loading and local buckling
are thought to be the primary cause of such delamination type fractures. These
observations indicate that the delamination fracture toughness may be the
critical toughness parameter for fatigue stressing where in-plane stresses are
compressive.

While considerable effort has been expended to define fracture toughness
for tensile loading of laminates with flaws normal to lamina planes, very little
has been done to better define and understand the delamination fracture
behavior. Apparently, the few studies that have been conducted to
characterize delamination have utilized surface notched specimens (cf. Figure
1a) that give a mixed tensile and shear stress state at the delamination crack tip
{3, 7, 8); precluded, therefore, is determination of K,. or G, for the opening
mode of delamination in which only tensile stresses across the crack plane exist
near the crack tip. In order to fully characterize delamination fracture
toughness we believe it is necessary to study the effect of various proportions
of tensile and shearing stresses at the crack tip, including pure tension.

The objective of the investigation described herein has been to develop an
experimental approach with the associated analysis to obtain the fracture
toughness for the opening mode of delamination. An axially-split beam
geometry, Figure Ib, was chosen to give essentially pure opening mode frac-
ture. To support the study of thin laminates, nonlinear beam theory was used
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in the analysis. Experimental measurements
were made on a unidirectional glass/epoxy
" composite (Scotchply) with axially oriented
W fibers to verify the analysis and allow deter-
mination of the delamination fracture
toughness of this material. The analytical
approach for elastic behavior is presented in
the next section, followed by a generaliza-
P tion for limited viscoelastic behavior and a
t—a description of the experimental program.
The experimental results are then used with
the theory to characterize analytically the
fracture behavior and check for internal con-
sistency of the results.
Figure 1. Specimens used in The thin, split beam geometry gives rise
delamination fractur- t~ughness {0 stable crack growth, and therefore is par-
studies: (a) Wang/Mandell i y1arly suited to determine the relation bet-
Specimen; (b) Split laminate  \oon slow crack speed and energy release
specimen used in our tests. .
rate. A portion of our study therefore has
been devoted to characterizing the fracture toughness of a viscoelastic
faminate.

(0]

-

P

ANALYTICAL PROCEDURES FOR ELASTIC BEHAVIOR

Consider the beam specimen in Figure 1b, in which the delamination crack
tip is at the point x = a. The energy release rate associated with a virtual crack
growth of an amount da is, by definition, the mechanical energy that becomes
available at the crack tip per unit area of new surface. In terms of the total
strain energy in an elastic beam, W, this release rate is [9],

1 ow
G= —— — 1
B Qa M

where the derivative is evaluated for constant beam tip displacement A. Also,
B is specimen width normal to the page. The value of G at which the crack ac-
tually starts to propogate is the critical energy release rate or fracture
toughness, G..

Evaluation of Equation (1) for our specimen geometry is based on an ap-
proximate analysis in which strain energy is determined for the cantilevered
beam in Figure 2; the relevant parameters are tip displacement, A, beam
length, L, area moment of inertia, I, and the axial modulus of elasticity, E.
The analysis for a nonlinear beam in terms of these parameters is presented
next. Primary results of the theory are given in dimensionless form in a table
for general use in reducing data.
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Strain Energy in a Nonlinear Beam

The strain energy due to bending of a beam of length
L is, according to elementary beam theory,

2
wo=un [ M g @
Er
used in nonlinear

andlysis of cantilevered where M is the local bending mome_nt'. ) .
beam. As a result of the low flexural rigidity of thin com-
posite specimens, large deflections and rotations may
be present during the test and need to be accounted
for in the analysis. Such a correction to linear beam theory has been made by
Bisshopp and Drucker {10}, in which they allowed for arbitrarily large rota-
tions and bending deflections. A linear stress-strain equation and small strains
were assumed.
The beam nomenclature and geometric relationships are shown in Figure 2,
and the principal results are {10]:

Figure 2. Nomenclature

[3

PL? k] _ 1 . — -
[EI ] =73 / (sind, — sing)""* d¢ (3a)

o

and

I~

[
A _ 1 [E’ ] R / ' sin d¢ . (3b)
V2 PL} (singo — sing)”

L

where $, is the angle of the tangent at the loaded end (cf. Figure 2), ¢ is the
angle at intermediate points, P is the load, and the remaining terms were de-
fined previously. After determining the appropriate change of variables and
transformations, Bisshopp and Drucker were able to rearrange Equation (3)
into the form
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pL: | %
[EI ] = (k) — Fk, 6,) (4a)

and

E(k) — E(k, 6))

Fk) — Fk, 6) o

AL -
L

where F(k) and E(k) are the complete elliptic integrals of the first and second
kind, respectively; also, F(k,6,) and E(k, 8,) are the corresponding incomplete
elliptic integrals. The elliptic parameters k and 8, are related to ¢,:

k= 715_(l+ sindo)”% , 6, = sin"* (V2 k) &)

Notice that Equation (5) implies the results in Equation (4) are functions of on-
ly one parametetr, say $o; hence, they are implicitly related with the cor-
respondence presented in the second and third columns in Table 1 and in
Figure 3.

Table 1. Nonlinear Beam Variables.

2 Bt & w3
2 2

el B + W K R
10 . 3530 1160 .0203 .0613 A7
20 -7306 .2302 .0817 2499 U
30 1.1626 .3406 .1854 .5814  .5000
40 1.6923 .4455 .3338 1.0880 6429
50 2.3922 5437 .5320 1.8330 .J682
60 3.4054 .6340 .7901 2.9502 .8663
70 5.0812 N67 1.1331 47758 .9399
80 8.6787 7948 1.6486 B.5358  .9858
86 14.5058 8472 2.2 14,9293 1.0002
88 20.7282 871 2.2600 20.9704 V.0017
90 - 1.0000 -
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Next, the strain energy stored in both cantilevers comprising the split beam
is calculated. Combining the general definition for strain energy W, in a beam,
Equation (2), with the specific results from nonlinear beam analysis given in
[10], one may express the total strain energy W = 2W, in terms of elliptic in-
tegrals as follows:

WL o B-Pj
- = 2R — Frk, 01 © oh o -Ply
1 " & 16-Ply
Ek) — Etk e N
p— -- Loeo Thaory
[ W= POy e — l)] ©® o
Fk) — F(k,8,) g
This nondimensional result is presented in g at
Figure 4 and the fourth column in Table 1. o
For comparison, we record also the linear 2 -
solutions, % 62z 64 o6 08
pL A wL_3 a0 oL
=3 —, — = ) O] Figure 3. Nondimensional load-

£l L 2E1 2 L defiection curve for cantilevered
A beam. Symbols indicate ex-
Energy Release Rate G for a Nonlinear Beam . i, onia; data from split

The energy release rate as defined in Equation faminate.
(1) can now be evaluated using Equation (6). —
However, in keeping with beam notation, the
length L is used instead of the symbol *a’’ to 20r
denote crack length; hence 6}
1 aW wo2b
Gs— — —— (8)
B aL -ISNO 8}
o4t
Prediction of G may be easily accomplished
by first writing, 0552 04 66 O*EJ
a/L
WL . . .
= fiA/L) 9 Figure 4. Nondimensional strain
2E1 energy for cantilevered beam.
where f = fla/L) is the solid curve in Figure 4. Thus,
1 aw Efl A A INA/L
1awy . U2y + ML) ) (0
2 3L |a L L L A(A/L)

Next, define S,
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S =d (log /)/d (log (A/L)) (1)
Therefore, from Equations (8) — (11),

EI WL w
= oe————— l = em——
T T A 12

A rearrangement of Equation (12) yields a nondimensional form of the energy
release rate,

GBL? WL
2E1 2E7 ( 2 U3

Since both WL/EI and S in Equation (13) are functions of A/L, GBL*/El is
an implicit function of A/L; it has been evaluated and is presented in Table 1
and in Figure 5. Linear theory yields § = 2, and therefore from Equations (7)
and (13),

_9 A
=7 (—2——) (14)

which is shown in Figure 5. The last column in

Table 1 is the ratio of the fifth to the second
column; this ratio, GB/2P, enables the calcula- ]2
tion of G without using the flexural rigidity, EI 8l

Suppose that during quasi-static crack o
growth, one determines A and L at any given &, 6}
time in a delamination fracture test. One may ol
then use Figure 5 or Table 1 to determine G,  -l~
directly because G, = G for a slowly growing 2}
crack. That slow, controlled crack growth can
indeed be achieved with this test is discussed %57 04 06 08
next. s/l

Figure 5. Nondimensional energy

Stability of the Crack Growth release rate for cantilevered beam.

1t is clear that increasing the load or grip displacement for a fixed crack
length will increase the strain energy stored in the specimen. From Figure 4 it is
also apparent that crack extension (increasing L) which occurs at constaat grip
displacement results in a decrease in the strain energy stored in the specimen,
as shown schematically in Figure 6. As the specimen with fixed crack size L, is
deformed from A, to A,, the strain energy obviously increases. The strain
energy release rate also increases as the test goes from a to b (cf. Table I).
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Suppose at b the critical energy release rate is ¢x-

ceeded slightly and crack extension for constant A - .
occurs, changing the crack length from L, to L,.
At point ¢ the energy release rate is again insuffi-
cient to give crack extension, so that further
loading to point d is necessary, which again cor-
responds to G being slightly larger than the critical
energy release rate, G. Crack extension occurs
from L, to L, as one moves along d-¢. We may
conclude from these considerations that crack
growth is stable in a controlled displacement test if
G does not change with L (or, at least, if it does
not decrease rapidly with L).

In an actual test the loading and crack exten-  Figure 6. Schematic of strain
sion occur more or less continuously, instead of in  energy versus crack length for
steps. Indeed, with negligible kinetic energy  €onstant &rip displacement.
(quasi-static loading and slow crack growth) the
energy release rate is essentially equal to G, at all times. The path g-c-e for G =
G_represented by the dotted linc (not necessarily straight) in Figure 6 would be
followed in an actual cxperiment.

In summary, the relationships between A/L and P, W and G have been
Jdetermined in terms of elliptic integrals using nonlinear beam analysi;. These
results are summarized in Figures 3, 4 and 5 and Table 1; they will be used to
analyze the experimental results following the next section, which is concerned
with extension of these results to include rate effects at the crack tip.

T

B e N AT ]

(W)

STRAIN ENERGY

L Loty
CRACK LENGTHI(L)

EFFECT OF LOCAL VISCOELASTIC BEHAVIOR

The above theoretical prediction of energy release rate, G, can be used for
viscoelastic materials if the axial stress-strain relation is essentially elastic and
viscoelastic effects are limited to a small zone around the crack tip. In many
cases, these conditions will be met for thin laminates consisting of a polymeric
matrix and a large volume fraction of continuous glass, graphite, or boron
fibers oriented in the axial direction. If the matrix is very soft, large inelastic
shear deformations and possibly significant microcracking may occur away
from the crack plane. Assuming these complications do not exist, the material
in the neighborhood of the crack tip must absorb essentially all of the available
energy during slow crack growth, and we may write

G =2T, (15)

The quantity I, is the fracture energy; it is the energy required to produce a
unit of new surfacc at the crack speed L. This energy may include energy of
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polymer chain failure, energy absorbed in local (near-crack tip) viscoelastic
deformation processes, fiber fracture, and fiber-matrix debonding. In analogy
with the discussion in {12} for monolithic materials, we conclude if the speed
does not change appreciably in the time required for the crack to propagate a
distance equal to the scale of the local deformation and failure processes, ry
will depend on the instantaneous crack speed but not on the history of loading
and not on the rate of change of L. If the speed dependence of I, is due
primarily to viscoelastic behavior of the intact matrix near the tip, we further
expect it to obey a power law, ®,~ L", where n is constant [12). Thus, in view
gf Equation (15), the energy release rate will obey the same power law, G ~
L

Whether or not the result for the split beam (viz., G = G(L)) can be used
with other geometries, such as growth of a through-crack in a tensile sample
with fibers at 90° to the load, depends at least on the scale of the zone of frac-
ture at the crack tip and the extent of viscoelastic behavior. It is expected that
it will apply as long as viscoelastic and failure processes are highly localized to
the crack tip. With large scale viscoelastic effects, the value of ', may not
change, but one cannot use Equation (15) as it relates [, to an elastic energy
release rate.

The effect of crack speed is illustrated schematically in Figure 6, where dif-
ferent pathsare followed for different crack speeds. For the usual case in which
dr,,/dL>0, the path will move upward, as shown in the figure.

Finally, it is to be noted that if ', is constant, Equation (15) may be replac-
ed by the equivalent statement G = G, which is the critical energy release rate.
We prefer to not use the symbol G, instead of 2I, for materials in which [,
depends on crack speed because the term “‘critical energy release rate’’ normal-
ly refers to a quantity that defines the boundary between no-growth and
growth,

EXPERIMENTAL PROCEDURES AND RESULTS

The experimental program to be described in this section had two objec-
tives: (1) to experimentally verify the nonlinear beam analysis; and (2) to ob-
tain the relation between energy release rate and crack growth rate. First,
specimen preparation and testing will be described and typical raw data
presented. Reduction of the data to energy release rate values using the
previously described nonlinear beam analysis is then accomplished, and the
results are presented in tabular and graphical form.

Specimen Preparation

Scotchply, which is an E-glass reinforced type 1003 epoxy, was selected for
this study because it is translucent, which makes the visual measurement of the
moving crack front during testing quite casy. Eight, twelve, and sixteen ply
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30.5 cm x 30.5 cm panels were laid up using prepreg tape containing con-
tinuous fiberglass filaments. Teflon was inserted along one edge of each panel
to provide the initial midplane delamination crack. All lamina had the same
fiber orientation in the laminates. After curing in accordance with the sup-
pliers specifications, the 30.5 cm square laminates were cut parallel to the fiber
direction into 2.54 cm wide unidirectional test strips. The cured lamina
thickness was about 0.021 c¢m, giving laminate thicknesses of 0.170, 0.259 and
0.338 cm, respectively, for the 8, 12 and 16 ply specimens.

Test Procedure

The specimens were tested in an ambient en-
vironment (approximately 75 °F and 50% RH) us-
ing an Instron tensile test machine with a one
thousand pound load cell; a twenty pound full
scale range was used. Special grips were designed
to allow the load to be applied a'ong a fixed line of
action while permitting a virtually free rotation of
the loaded ends of the split beam (c¢f. Figure 7), as
was assumed in the analysis. Load was monitored
as a function of time using a strip chart recorder.
The displacement versus time was calculated from

the crosshead speed. The crack position as a func-  Figure 7. Split laminate
tion of time was noted visually as the crack front  specimen showing (aj hinge ar-

passed reference marks on the specimens. Typical fuchment used for loading and
experimental results are presented in Table 2 fora (b deformation in crack
twelve 'y specimen tested at a crosshead speed of growth test.

2.5 cm/minute. Five each of the eight, twelve and

sixteen ply specimens were tested at a crosshead speed of 2.5 cm/minute. Two
specimens were tested with increasing crosshead speed.

Data Reduction

[}
4
{
[
H
b
l't

The measured data included load, P, grip displacement, 2A, and crack
length, L; they can be easily used to give instantaneous energy release rate, G,
using the analysis described in an earlier section, especially the results in the
last column in Table 1. After determining A/L, Lagrangian interpolation was
used to calculate both PL?/El and GB/2P. The results of these interpolations,
ajong with the subsequent calculation of the energy release rate, G, are sum-
marized in Table 2. The crack grs . th rate was calculated from the measured
values of grip displacement versus crack extension, L, knowing the rate of grip
displacement. From each sct of measured values of P, 24, and L, the fifth col-
umn in Table 2 was used to derive individual values of EI; they were averaged
with respect to length for each laminate for later use,
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Table 2. Experimentally Measured Values of Crack Length, L, Load, P, and Grip Displacement,
2A, for Twelve-Ply Specimen. Also Tabulated are Various Dimensionless Terms Used in Deter-
mining G and Checking Theory.

L 2 3 L p? G8 6
{cm) (cm) (N) (il b3 N/m
{Theory) {Theory)
8.9 5.6 27.0 .32 1.07 470 991
10.2 7.2 24.4 .36 1.26 .530 1010
1.4 9.2 22.1 .40 1.47 583 1020
2.7 na 20.6 .44 1.66 .636 1020
14.0 13.1 18.9 47 1.8 .676 993
15.2 15.1 17.8 .50 2.0¢ N3 987
16.5 17.6 V1.0 .53 2.28 .750 1010
17.8 19.8 16.3 .56 2.58 .186 1010
19.1 22.4 15.8 .59 2.85 .819 1020
20.3 2.7 1.8 .61 3.0 .843 978
21.6 26.9 181 .62 3.22 .853 949
22.9 28.9 12.9 .63 .34 867 878
2.0 2. 13.2 .66 3.81 .899 930
25.4 35.1 13.4 .69 4.46 .821 970
DISCUSSION

Load-Deflection Relationship

Results taken from 8, 12, and 16 ply specimens have been plotted in Figure
3. While PL'/EJ can be predicted by the analysis, as shown by the solid line,
the values may also be determined directly from measured quantities. The ac-
curacy of the analysis is clearly demonstrated by the fact that the experimental
data points for all three thicknesses fall nicely on the curve predicted from the
analysis when a constant, average value of EI for each laminate is used.
Another way of demonstrating the accuracy of the analysis is to predict the
crack length L at various times in a test using the measured values of P and 24
and the average EI. The predicted values of L are compared with the ex-
perimental results in Table 3 for a twelve-ply specimen. The agreement is seen
to be excellent, due in large part to the insensitivity of L to the experimentally
determined parameters.

This method of determining the instantaneous crack length should be very
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Table 3. Comparison of Measured Values of Crack Lengih, L, To Value
Calculated Using Nonlinear Beam Analysis and Measure? Values of Grip
Displacement, 2, and Load, P.

Measured Crack Length (cm) Calculated Crack Length (cm)
8.89 8.9}
10.16 10.13
11.43 11,48
12.70 12.70
13.97 13.97
15.24 15.21
16.51 16.54
17.78 17.70
19.0% 19.05
20.32 20.3%
21.59 21.56
22.86 2.9
24.13 24.26
25.40 25.58

useful in tests of opaque materials, such as graphite/epoxy laminates.
However, for high accuracy the value of EI employed in the prediction of
crack length should be obtained directly from the Jaminate using one or more
pre-determined lengths and theory (i.e. second and third columns of Table 1),
This is necessitated by the fact that predicted values of £/ differ somewhat
from the measurements, possibly due to nonuniformity in the fiber distribu-
tion. Further, the photomicrographs of the twelve ply laminate in Figure 8
show that the local distribution is quite heterogeneous. In many cases the
fibers appear to be in contact, which could be a significant factor in producing
the scatter in the delamination fracture energy discussed next.

Energy Release Rate-Crack Speed Relationship

The energy release rate is plotted against crack speed in Figure 9. The data
can be approximated by a power law G ~ L°* Schapery [12] has predicted that
crack grovyth rates in viscoelastic material mi s be described by an equation of
the form L ~ K] where g = 2(1 + 1/m) if the intrinsic fracture energy and
strength at the crack tip are independent of crack speed and the creep com-
pliance, D, obeys the power law D ~ ¢, For many glassy polymers, including

281

PP Ty




D.F. Devitt, R.A. Schapery and W.L. Bradley

the epoxy resin in Scotchply, the creep compliance
is of the form D = D, + D, [13]. The value of
D, increases with increased molecular mobility,
such as may result from the increase in volume due
to the high triaxial stresses near a crack tip. If D, is
sufficiently large then m = n. Inasmuch as K, ~
G* (cf. Equation (16)) and G ~ L°", we obtain ¢
2 20and n ~ 0.1 if m =~ n. In order to check this
value for n, creep/recovery tests were run on
unidirectional tensile specimens of Scotchply with
a 90° fiber angle to determine the time dependence
of the matrix. An exponent of n ~ 0.05 — 0.10
was determined for these tests, which is consistent
with the fracture results for delamination fracture
Figure 8. Photomicrographs of toughness. However, the data are so limited that
Scotchply showing dis:ribution  one should consider the relationship ¢ ~ 2(1 +
of glass fibers in epoxy matrix: | /n) ag very tentative.
(1) 12 phies, sl%%’ < fb) 12 phies, Fracture toughness of unidirectional Scotchply
* has been measured by Wu [14] using a center-
notched specimen with 90° fibers. Averaging out rate effects in order to obtain
a single critical stress intensity factor, he obtained for K,- a value of 1.9
MPay/ m. These results may be compared to our results if G values are express-
ed in terms of K, using the relationship

A
K, = (EG)" @6)

where E is the effective modulus and can be shown to be approximately equal
to one half the transverse modulus E,; for an orthotropic material [15]. Utiliz-
ing the inanufacturer’s predicted value for E,, of 9.7 x 10°MPa and our
observed range of G values of 525 — 10 N/m gives a predicted range of
values for K, of 1.6 — 2.2 MPa\/ m which brackets Wu'’s result for K,~ These
values may also be compared with values measured for metals and various
plastics, as summarized in Table 4.

Several simphifying assumptions were made implicitly in the analysis that
appear to be justified by the good agreement between the measurements and
predictions from the nonlinear beam analysis, as seen in Figure 3. These
assumptions~inciude plane stress and *‘rigid wal)’* behavior at the beam end
point, which in our specimen is the crack front. The actual behavior in this
crack tip region may only be described by a more complex three dimensional
analysis using finite elements; however, the departure from these idealizations
appears to have a negligible effect on the overall load-deformation relation (cf.
Figure 3), and consequently a small effect on strain energy stored, in that it
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Figure 9. Energy release rate versus crack speed for three different thicknesses of Scotchply.

Table 4. Typical Fracture Toughness Paramelers (K¢ and G¢j o

Material ch (ic
MPas/m KM/m
Metals [5, 10]
Ti-6A1-4Y 1s 2
; 70757651 u 8
430 60 - 99 18 - 49
2024 13 " 27

Thermoplastic Materials [11, 12]

Polymethy! Methacrylate 1.6 ~ 1.9 11
' Polystyrene 098 . 1.1 0.35
Polyviny) Chloride 1.6 - 2] 1.2
Nylon - 6, 6 0.5V - 0.83 0.25
. Polyethylene 0.83 - 1.2 5.0
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may effectively be neglected. Significant breakage of glass fibers away fro
the crack plane could also have introduced an error into the bending rigidit
and energy release rate. Sample calculations indicate that the axial stressin t
beam never approached the failure value; furthermore, almost no fiber fr
ture was noted in the tests other than along the crack plane. Finally, as a resu
of transverse strains (normal to the loading direction), the beam has a co
pound curvature which would tend to stiffen the beam and depend or bea
length. Again, in view of the agreement in Figure 3, this effect was apyarent}
negligible for the specimens used.

CONCLUSIONS

A simple approach to the determination of delamination fracture toughness
in the opening mode has been developed using a split beam and a nonlinear
analysis. The analysis has been confirmed with experimental measurements on
Scotchply using specimens of three thicknesses, tested over a wide range of
crack growth rates. The measured range of energy release rates of 525— 1000
N/m for the range of crack growth rates studied is shown to be consistent with
predictions from an idealized viscoelastic crack growth theory and viscoelastic
behavior of the resin as determined from creep/recovery tests.
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NONLINEAR FRACTURE ANALYSIS OF VISCOELASTIC COMPOSITE
MATERIALS BASED ON A GENERALIZED J INTEGRAL THEORY
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ABSTRACT

Pertinent results from a generalized J integral theory for nonlinear visco-
elastic media are first reviewed, and then some special cases for power-law ma-
terials are given to illustrate their application in crack growth and failure
analysis. This theory was recently developed by the author; it is a generaliza-
tion of the familiar J integral theory which is customarily restricted to non-
linear elastic and viscous materials and to materials obeying the classical de-
formation theory of plasticity. Some experimental results from cyclic and tran-
sient loading of fibrous and particulate composites are then given and, together
with the theory, are used in a tentative interpretation of the visccelastic
fracture process.

NOMENCLATURE

a notch or crack size

a crack speed ‘

ar, amy time-scale shift factor for temperature and moisture effects f

€= Cs ungpecified constants

D creep compliance for uniaxial loading

e superscript denoting psaudo-elastic variables

ER reference modulus

i, j indices corresponding to coordinate directions (1,2,3)

J, J', Iy J integrals for elastic, viscous, and viscoelastic media, respec-
tively

KI stress intensity factor for opening mode

k exponent relating crack speed and I,

oy vector normal to J integral path

n, N exponents defining time-dependence and nonlinearity, respectively

P potential energy of body and applied loads

Published in Proceedings of the Japan ~ U.S. Conferencc on Composite Materials,
Tokyo, January, 1981.
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bT designates location of mathematical crack tip

q exponent relating crack speed and applied stress
T1 surface tractions

ug displacements

W, W energy density

X Cartesian coordinates

a length of failure zone

T path used to evaluate J integral

T intrinsic fracture energy

Eij' éij strains and strain rates, respectively
oij stresses

% magnitude of normal stress at crack tip
9, constant (yield stress if N<<1)

T time variable of integration

[ pseudo strain energy density

oc pseudo complementary energy density
INTRODUCTION

Time-dependent deformation behavior of the matrix constituent in many com-
posites is often very pronounced, especially in elevated temperature environ-
ments; exposure of polymer-matrix composites to high relative humidity leads to
similar behavior and aggravates the effect of remperatrure if sufficient time is
provided for absorption of the water vapor. This time-dependence, or visco-
elasticity, is an important factor in determining the rate of growth of micro-
and macrocracks (including delamination cracks). Complicating the composite
response characteristics is nonlinearity on the macroscale (although often due
in part to matrix microcracking) and on the microscales of the reinforcing fibers
or particles and the crack tip structure. Development of realistic theoretical
models ~f damage growth and failure therefore requires in many cases that one
account Jor both time~dependence and nonlinearity in the deformation behavior.
In spite of the complexity of the problem, it is believed possible to develop
at this time practical models which will be useful in aiding our understanding
of structural response of composites so that improved materials, structural de-
sign methods, and reliability can be realized.

In this paper we briefly describe and then apply a new fracture theory (1),
based on the so-called J integral (2), for analyzing micro- and macrocracking in
nonlinear viscoelastic composites.

Following (2), the J integral is defined for two-dimensional problems by

3ui
ia—xI'dS) (1)
where, as shown in Fig.l, T' s a curve surrounding the notch tip, and repeated
indices imply summation over their range. The quantity W'W(sij) is defined such
that

J = o (idxy-T

gy aw/acij (2)
where 0., and ¢ are the stress and strain tensors, respectively. Thus, W is
the szréin eneré} density or an analogous potential function in the deformation
plasticity theory. Also, T, is the traction vector, im which T =3 .n,. The dis-
placement vector is denotediby uy. A very useful feature of J is %ﬂaé its value




is independent of path T' 1f W does not depend on the coordinate x, (cf. Fig.l)
other than through the dependence of Eij on x,; the material may be anisotropic

and have properties that vary with x,. A necond important characteristic, espe-
cially for experimental charactetizagion of fracture, 1s that if the notch tip is
advanced an amount da without change in tip structure,

J » -3P/3a, o . . €)]

which is the rate of decrease of poteatial energy (of the body and applied loads)
with respect to notch length per unit thickness normal to the page.

T oLt L

n(n,,n,,0)

(T, T,,T3)

Fig.1 Crack or notch in elastic material, with tip at B; highly damaged material
is shaded.

Over ten years ago, Rice (2) developed and applied the J integral for two-
dimensional deformation fields (plane strain, generalized plane stress, and
antiplane strain) in nonlinear elastic media with notches or cracks. This
work, which was theoretically limited to small strains, lead the way to major
developments during the past decade in the engineering characterization and
analysis of fracture initiation in metals with both small scale and large
scale plastic deformations (e.g., 3, 4). f(Although the J integral was seeming-
ly developed for elastic materials, the comstitutive equation for the deforma-
tion theory of plasticity without unloading is anlogous to that for elastic
materials in the sense that it may be written as in Eq.(2); consequently, ap-
plicatfon to fracture initiation in ductile metals has been successful.)

The J integral can be interpreted as a conservation law for mechanical

‘energy. As such, one would expect to be able to deduce a three-dimensional
generalization with large strains if suitable measures of stress and strain
are used. Indeed, such a version does exist; as noted by Knowles and Stern-
berg (5), in their study of finite elastic deformations near a crack tip,
this conservation law is implicit in an early result due to Eshelby (6) in
the theory of continuous dislocations. The J integral with large plastic
deformations was used by McMeeking (7) in a study of phenomena at crack
tips, including void growth. Rice (8) has reviewed applications to stable
crack growth in rate-independent media.

An integral, say J' with properties analogous to those for J may be
defined for nonlinear viscous media when the constitutive equation can be
expressed in the form

g,, = aw'/aé1j %)

i3
where W'=sW'(¢, ) and é,, 18 strain rate. The gama definitfon as i{n Bq.(1l) {s
used for J', éicept st%iin rates and velocities replace strains and displace-~
ments. Landes and Begley (9) showed that crack speed & in two different
specimen geometries of superalloy at high temperature may be correlated in
terms of J'; viz., a=3(J'). Sakata and Finnie (10) and Ohji. et al. (11)
independently studied stress intensity factor K. and J', respectively, as
fracture parameters for nonlinear viscous materlals. Many papers have now
appeared which provide strong experimental support for the hypothesis that




3=3a(J') for creeping metals at high temperatures under constant and variable
loading, and the reader is referred to (12-14) for recent work and citations of
other studiles.

In order to provide a rigorous theoretical argument that J' is the appropri-
ate basic parumeter for correlating fracture data, and to relate observed behavior
to basic material properties, it is believed neressary to investigate crack-tip
behavior under locally finite stresses in which a finite scale for damage and
material separation exists (e.g., the length o in Flg.l.). To the author's know-
ledge, previous theoretical studies involving nonlinear viscous or viscoelastic
behavior outside of the failure zone have introduced strain rates which are
infinite at the crack tip for mathematically sharp cracks. The basic shortcoming
of such singular fields can be illustrated by analysis of linear viscoelastic
media, as reviewed by Rice (8). For example, starting with a solution for finite
stresses, Schapery (13) proved that if the magnitude of the crack-tip stress is
mathematically increased without limit, the scale a vanishes and crack growth be-
comes independent of the linear viscuelastic properties; only the initial value
of compliance or modulus remains. Associated infinite strain rates produce the
physically unacceptable prediction. Numerous publications on the analysis of
crack growth in linear viscoelastic media, based on a finite crack-tip stress,
now exist (e.g., see (8) and (15-20)).

Very recently, Schapery (1) extended the J integral concept to nonlinear
viscoelastic media for both initiation and growth of cracks. This work is based
on finite crack tip stresses, so that one may derive basic failure behavior re-
lated to the physical characteristics which define the zone of intensive damage
at the crack tip. This region is called the "fajlure zone" (whose length is a
in Fig.1l) rather than damage zone; the theory in (1) allows for certain kinds of
damage in the nonlinear material surrounding the crack tip, such as the type of
stable microcracking and void growth that develops in many composites 1if the
stress level is not too high. For propagating cracks, a layer of the highly
damaged material that was once in the failure zone will be left on the crack
faces. It was assumed in (1) that this layer is thin enough to be neglected
in predicting stresses and strains in the neighborhood of the crack tip; thus,

a 1s the »nnly scale parameter that reflects the local failure process for pro-~
pagating cracks (as well as that for cracks which just start to grow, corre-
sponding to the fracture initiation condition).

In the present paper we first give the conatitutive equation used in
developing the generalized ! integral theory. Discussed next is the relation
of crack speed to the generalized J ir._egral, designated by J for a visco-
elastic material. An expliclit relation between crack speed and applied s ress
is then stated for a single crack in a power law material; both time-dependence
and stress-dependent nonlinearity are assumed to obey power laws. The two
independent exponents combine to yield one exponent defining the crack speed
as a power law {n stress; for fatigue loading of monolithlc materials and
certain types of composites, the same exponent relates number of cycles to
failure and applied stress. When used with theory, the values of experimen-
tally Jetermined exponents are very helpful in identifying primary physical
mechanisms affacting crack growth and failure. This point is illustrated by
using data on fatlgue failure of graphite fiber-reinforced epoxy laminates
and macrocrack propagation in composite solid propellant (which is rubber
with a high volume fraction of hard particles).

NONLINEAR CONSTITUTIVE EQUATION

The relation between stress and strain tensors 18 assumed in the form

£
t 3¢
: i
» -F.RLD(t—\', 0) sl (5)

where the c% are termed pseudo-strains, and are functions of stresses (as well
as temperatuge and moisture, Jepending on the particular material) through a
potential function 7c~oc(n‘j).
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€,, ™= (6)
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If Eq.(6) can be iuverted to yi ld oy, 38 8 function of Ee then Eq.{(6) implies’
that a potential function ¢=¢(e’ j lscs with the properé} that

¢

5 = €]
13 e
Beij
where
$a-9 "Uij ij (8)

Viscoelastic behavior is defined by che cteep compliance, D. It way be observed
that the notation D(t,tr) is often used instead of D(t-1,t); but the motation

is equivalent and allows for aging.. Thermorheologically simple behavior, a form
of temperature dependence commonly obeyed by polymers, is a special case of this
representation for creep compliance, with constant or transient temperature. The
modulus is a free parameter which makes Eq.(5) dimensionally correct as ¢ _ has
the dimensions of modulus; may be selected as desired to simplify the notation
in fracture results. That Eq.(5) is a good approximation for many nonlinear vis-
coelastic materials is discussed in (1); also, it is shown in (1) that ¢ may de-
pend on certain important types of damage, such as distributed microcracks.

If we assume D(t-t,t) is proportional to t-1, Eq.(5) reduces the comstitutive
equation for a linear o+ nonlinear viscous material.

COPLANAR CRACK GROWTH IN POWER-LAW MATERIALS ... = .. __  _.__ __

By means.of.an .elastic-viscoelastic correspondence principle established in
(&; and approximations similar to those used in (16, Part II) for linear theory, it
is found that if a is small compared to other rélevant diménsions such agerack lengeh,—

2r = E;D(a/3a,8)J, ®

where T', the intrinsic fracture energy, is the mechanical work that the continuum
does on the failure zone when one unit of new surface is formed. The generalized
1chgral JV, is defined as in Eq.(1), but ¢ replaces W and pseudo-displacexents,

(corresponding to pseudo strains, Eq.(6)) replace u,. In deriving Eq.(9), it
is assumed crack speed 1s essentially constant during %he time a/i, which is that
required for crack growth of an amount a. The time t 1in the argument of D re-
flects, for example, aging and transient temperature and/or moisture content; but
such effects are assumed constant in the time interval a/a. For simplicity,
these transient effects will be neglected in all subsequent discussion.

Let us now introduce a power law for creep compliance,

D(t-1) =~ Dx("‘)n (10)

where D. and o are positive constants. Also, assume ¢ is a homogeneous func-
tion of degree M+l in peeudo strainm,

y = ‘C‘N+l e 3

1] 13
where ¢ and N are constants. The material defined by ¢ may be antsotropic and
physically nonhomogeneous.

In order to 1llustrate the significance of the exponent in Eq.(l1l), consider
a uniformly dtressed specimen under a time-dependent uniaxial stress ¢ (or, more
generally, under multiaxial proportional loading). We find the strain in the di-
rection of loading to be

o(cc a(e (11)

d(o/o )
E=ERDf(t~T) —'————d'r 12)

where ¢ 1s a constant. If N {s small, o can be interpreted as a yield stress.
In a creep test g is constant and Eq. (12\ reduces to

n 1/N
€ = ERDIt (c/oo) (%))
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Let us introduce temperature T and molsture M effects in standard notation for
polvrers by writing

~n

ERDy = Ay (14)
where aTM.aTM(T'M) is the time-scgle shift factor. Thus, the creep strain is,
n 1/N
€ (t/aT“) (o/oo) (15)

The requirement of a finite crack tip stress, whose magnitude at the point
P, in Fig.l is denoted by L leads to the relation (1),

col/n 5,
o - Cl(c—-) 7 o (16)
o ™

where C, is a dimensionless constant.
In"general o and T may depend om crack speed. If, however, they are con-
stant, Egs.(3), (TO), (14), and (16) yield simply
i L3k an

a,mv

where C and k are positive constants, with

R 18)
f; T and @ (instead at_d&;)'are ‘eonatant,” " o T T T T srme e
k=3 a9)’
n

Finally, 1f a and crack opening displacement Avl (at the left end of the failure
zone in Fig.l) are constant (1),

L
n(l+N)

The constant C is different for each of these cases. 1t should be added that if
the spacewise distribution of the stress in the failure zone varies greatly with
speed, the change will be reflected as speed dependence of C; but this effect
will be neglected here. Also, the assumption of constant ¢_ and Av, results in
Eq.(18), and therefore does not represent another independent case.

For bodies on which surface tractions are specified, instead of displace-
ments, J as a function of these tractions is the same as for an elastic msterial.
For an isolated crack in a macroscopically homogeneous, nonlinear power law body
under proportional loading (1), (assuming a<<a),

k (20)

5 1+ (/) 1
J, - "‘Cz"o(a) v 0>0 (21):

where C is,a dimensionless constant and o=o(t) is the remote stress in a given
direction; N is for the far-field, which may differ fromN for the near-tip material.
Equations (17) and (21) yield

K
a=c,2— (@ (22)
3ap 9, .

where C3 1s another constant and
q = kK(1+8)/8 (23)

When the geometry of a body is that in Fig. 2, which is a sheet (or thick
slab) that is loaded vertically through rigid clamps, the form of J_ 1is the same
as in Eq. (21), except h replaces a. Assuming a<<a<h/2, the coefficient C, is
esseatially constant, where o {s equal to the stress o__in Ehe uniformly stressed
portionof the strip; as a good approximation, at 1ens%21f N1, o may be taken as




éhe total vertical load P, divided Ly the uncracked area (1). Thus, ~ ot

h g \q

§2C, —— (D) (24)
4 aTM o,

Given o(t) or B(t), Eqs.(22) and (26) may be integrated to predict crack

size. If the stress 1s applied for a long enough period, a failure time t is
found. Suppose k>l in Eq.(22); then a+= when £

[4
f f(aq/am)dt -Cg - (25)
(v}

where C. is a constant proportional to al-k,a {s initial crack size. The same
type of result is derived from Eq.(24) bit.C eﬁ‘& gis to be replaced by B, and
failure occurs when 2a=L. It should be addea that Eqs.(21)-(25) are not restrict-
ed to plane stress or plane strain problems. The axisymmetric problem of a pen-
ney-shaped crack is also included, in which 2a and L are crack and sample
diamerers, respectively.
When the applied load is constant (creep test) and the physical environment
1s constant (constant value of aTM)' Eq.(25) yields t_vo . Similarly, for a
cyclic tensile fatigue test, N_'n O-q, where Nf is the number of cycles to fail-
ure and ¢ is stress amplitude; it is assumed for simplicity here that the wave
shape and amplitude do not change with time. Thus, at least for the two idealized
‘problems’ considered above, there is a simple relationship betweeén the Tog-log  —
s%gag;Lﬁxnmgc;ack-speed, creep-rupture, or fatigue data and the basic material
exponents, as given by Eq.(23).
";"'Wlé‘ﬁEVE_bcmparéd'tﬁe value of the éxponent q‘fbund‘from‘craék‘ifbﬁth“ahd“'“
failure data in tests conducted on different polymeric materials. It is often
found that the value corresponding to k in Eq.(18) agrees with the data. Some
examples are discussec in the next section. In contrast, for metalg undergoing
‘viscous creep (n=l), Eq.(20) appears to provide the best agreement (1); typically
for metals N<<l, and thus there is little difference between Eqs.(19) and (20).

EXAMPLES AND CONCLUDING OBSERVATIONS

The generalized J theory may be employed in different ways to characterize
and predict failure behavior of materials (1). Also, as noted abave, it provides
a direct relation between fracture response and basic creep characteristics; only
this aspect will be examined here. '

Crack speed and overall specimen fracture was studied in (16, Part III) in .
which the linear theory was applied to a polyurethene rubber. For the material |
used, n=0.5, N=1, and Eqs.(18) and (23) predict q=6; this value of q 1s in ex- !
cellent agreement with the data, providiug good evidence that T and ¢_ are con- . |
stant. The theory in (16) did not account for the local nonlinearity, as defined (
by N; as shown here, even though this exponent nay not be unity, it has no effect %
on q (unless, of course, Eq.(20) were to apply). '

Application of the theory to composite materials {s not necessarily straight- i
fo-ward and, in fact, considerable additional analysis may be required to relate i
overall loads and deformations to J_for microscale phenomena governed by Eq. (9) i
and more specifically by Eq.(17). ¥his complexity is due in part to the fact that ]
the creep compliance D 1in Eq.{5) for the neighborhood of crack tips may be dif- i
ferent for the macroscale of a composite material. On the other hand, if the :
matrix constituent of a composite is homogeneous and obeys Eq.(5), and the rein-. i
forcement phase is essentially rigid, the creep compliance will be the same re~
gardless of the scale of the deformation process. Stress and environment-induced
phase changes (e.g., glass-to-rubber tranaition at crack tips) introduces
additional complexity. Temporarily setting aside such conterns, let us consider
the data in ¥igs.3 and 4. For the fatigue loading case, Fig.3, and using either a
dominant flaw model, Eq.(25), or a matrix degradation model with uniformly distri-
buted microflaws (23) (each of which obeys Eq.(25)) we anticipate that q=2(1+1/n);
it is assumed that any global nonlinearity is due to microcracking, and therefore
N=1. 1Inasmuch as the zero-time (glassy) compliance is neglected in this compari-
son, and the value of q is based on k in Eq.(18), we suggest that the cracking
process is controlled by polymer matrix above the glass transition temperature; the

~very high stresses in the matrix around microcracks.are thus_assumed to lower the, .




glass transition temperature below the local temperature (which may be elevated due’
to heat generation)@®. For a fiber-dominated laminate the value of q is larger

than in Fig.3 (21, Phase III). As indicated in Fig.4, q=2(1+1/n) for the solid
propellant if the data are normalized to constant strain level through the func-
tion f; data actually obtained in constant strain tests obey qm2(1+l/n) (22). 1t
is believed the interaction of far~field microcracking with the macrocrack causes
this strain-dependence (1).

Clearly, there are many factors that have to be accounted for in the devel-~
opment of models for micro~ and macro-cracking of composites. But, it is believed
that the fracture theory in this paper will prove useful in a systematic mechanics
approach in view of the present encouraging results and the broader theoretical
basis developed in (1).
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Fig.2 A cracked strip or slab. Also, an elementary model for microcracking in
the soft matrix phase of a composite.
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Fig.3 The S=N curve of (i65/902]s tensile fatigue coupons of graphite/
epoxy (AS/3501-6); creep exponent from (21, Phase 1I). Specimen mois-
ture and temperature levels are in equilibrium with indicated environ-
ments. Frequency = 3 HZ, stress ratio = 0.1. After (21, Phase 1II).
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Fig.4 Crack propagation in strip-biaxial spccimens of an HTPB propcllant (e 1is
in percent and cross-head rate is constant and given in inches/min).
Afrer (22).







